Mass Airflow Sensor and Flame Temperature Sensor for Efficiency Control of Combustion Systems by Shakya, Rikesh
c©2015
RIKESH SHAKYA
ALL RIGHTS RESERVED
MASS AIRFLOW SENSOR AND FLAME TEMPERATURE SENSOR FOR
EFFICIENCY CONTROL OF COMBUSTION SYSTEMS
A Thesis
Presented to
The Graduate Faculty of The University of Akron
In Partial Fulfillment
of the Requirements for the Degree
Master of Science
Rikesh Shakya
December, 2015
MASS AIRFLOW SENSOR AND FLAME TEMPERATURE SENSOR FOR
EFFICIENCY CONTROL OF COMBUSTION SYSTEMS
Rikesh Shakya
Thesis
Approved:
Advisor
Dr. Nathan Ida
Faculty Reader
Dr. Joan Carletta
Faculty Reader
Dr. Kye-Shin Lee
Interim Department Chair
Dr. Joan Carletta
Accepted:
Interim Dean of the College
Dr. Mario R. Garzia
Dean of the Graduate School                
Dr. Chand K. Midha
Date
ii
ABSTRACT
A premixed mixture for a combustion process is said to be stoichiometric
when the amount of air provided is just enough to burn the fuel completely. A
parameter called the equivalence ratio gives a measure of the closeness of the com-
bustion system to stoichiometric combustion. In practice, excess air is provided in
a combustion system to avoid production of harmful flue gases. The amount of fuel
and air intake in a combustion process along with their degree of mixing affects its
efficiency. This thesis describes the design of a mass airflow sensor and a flame tem-
perature sensor that can be used to estimate mass airflow rate and equivalence ratio
respectively, thereby enabling control of the efficiency of combustion systems. The
mass airflow sensor designed for this thesis is an inline airflow sensor that can be
used to measure combustion intake air in the temperature range between -40◦F to
140◦F and mass airflow rate between 0 kg/hr to 120 kg/hr. The mass airflow sensor
is based on the principle of constant temperature difference thermal mass airflow me-
ter. Thermistors are used as resistive elements for the mass airflow meter discussed
in this thesis. The sensor was calibrated considering the wide range of operation
of temperature; and mechanical and electrical tolerance of thermistors used in the
sensor. The performance of the sensor with disturbances in combustion air intake
iii
and the effect of dust being deposited on the sensor were also studied. The flame
temperature sensor is based on using Silicon Nitride hot surface igniter as a dual
purpose sensor for both ignition and temperature measurement. The flame tempera-
ture measurement is based on resistance variation property of the Silicon Nitride hot
surface igniter with temperature. The flame temperature of the combustion system
along with the knowledge of mass airflow rate of air intake was employed to calculate
the equivalence ratio of the system between 0.6 and 1. Different types of sensors from
Kyocera and CoorsTek with different dimensions of sensor element and supporting
ceramic element were studied during the research. The mass airflow sensor provides
amount of airflow intake of the combustion system, which can be used to control the
airflow intake blower motor. On the other hand, the flame temperature sensor can be
used to estimate the equivalence ratio of the system. Collectively mass airflow sensor
and flame temperature sensor can be used to estimate the airflow rate and fuel flow
rate entering the combustion system. Therefore, a closed loop control system can be
designed to control the combustion efficiency using these two sensors.
iv
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CHAPTER I
INTRODUCTION
Combustion is one of the earliest known processes utilized by human civiliza-
tion for conversion of energy. It is a chemical reaction between fuel and oxygen at
very high temperature producing heat and combustion products. Fuels used in com-
bustion are available in different states; solid (e.g. coal, wood, etc.), liquid (e.g. oil,
alcohol, etc.) or gas (e.g. hydrogen, natural gas, etc.), and the use of a particular type
of fuel in combustion is dependent on costs, furnace types, pollution and combustion
equipment. Furnaces are categorized according to their applications into household
furnace, metallurgical furnace, industrial furnace, etc. All of these furnaces consist of
a burner, heat exchanger and exhaust. A burner is a transducer that involves many
chemical reactions within a furnace and converts the chemical energy in fuel to heat
energy. The heat exchangers transport heat produced in the burner from one medium
to another, which could be in direct contact or separated by a solid wall. Finally flue
gases are carried into atmosphere through a proper exhaust, which could also include
filtering of harmful materials produced during combustion.
This thesis deals only with the combustion of gaseous fuels. Gas burners are
classified according to type of flames into premixed and diffusion burners. Fuel and
air are mixed in premixed burners before they reach the combustion chamber. These
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burners are generally small with minimal heat liberation and high flame intensity.
On the other hand, fuel and air comes in contact only at the combustion chamber
in diffusion burners. These diffusion burners are used in systems that involve a large
amount of heat generation. The main function of a burner is to burn fuel efficiently
and this requires an efficient burner control system. Along with consideration of
efficiency, design of burner controls involve controlling emissions of harmful gases (CO,
NOx, SOx, etc.) from the furnace. Combustion control also involves the regulation of
fuel and air supply, and removal of flue gases in the burner to achieve optimal burner
operation. This helps in significant improvement in combustion efficiency, thereby
reducing fuel cost.
A burner operates with maximum efficiency when fuel-air mixtures are in
stoichiometric ratio. Stoichiometric combustion is an ideal condition in a combus-
tion system in which there is complete mixing of fuel and air that results complete
combustion. Theoretically, stoichiometric combustion produces maximum heat with
maximum achievable efficiency. However, it is theoretical and this condition gener-
ally does not occur in a practical combustion process. In contrast to stoichiometric
mixture, a lean mixture contains mixture with a higher proportion of air than fuel
needed for complete combustion. Similarly, a rich mixture consists of fuel-air mixture
with the proportion of fuel greater than air. Partially burnt fuel greatly reduces the
efficiency of the combustion system; therefore excess air is supplied in most combus-
tion processes. However, the combustion system loses energy to heat this excess air
and therefore efficiency is reduced with increase in excess air.
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Fuel-air equivalence ratio (φ) is an important metric that indicates the ef-
ficiency of a combustion system. Fuel-air equivalence ratio of a combustion system
is the ratio of mass of fuel to air compared to the ratio of mass of fuel and air in
a stoichiometric combustion. Knowledge of equivalence ratio allows the combustion
control system to control accurate rates of flow of fuel and air required at different
operating loads. A mass airflow sensor can be used to monitor and control the airflow
with the knowledge of equivalence ratio.
This thesis is based on the development of mass airflow and flame tempera-
ture sensors, which enables a combustion system to estimate the airflow intake rate
and fuel-air equivalence ratio of a combustion system, respectively. Measurements
from these sensors can be utilized in controlling airflow and fuel flow intake of the
combustion system in order to maximize efficiency of the system. Both newly devel-
oped sensor systems can be used as a standalone device or can also be integrated into
different burner control systems.
Gas flow rate measurement involves the measurement of the amount or the
rate of gas flowing through a channel. Different applications of gas flow measurement
include automobile industry, research experiments, process controls and controlling
air pollutions. In process controls, measurement of the amount of different gases
is critical for proper functioning of the system. Measurement of airflow rate helps
in controlling the emissions of different pollutant gases. Flow measuring devices
are utilized to control the precise amount of gases in research experiments. In the
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automobile industry, control of fuel-air ratio for fuel economy and maintaining flue
gas is a major challenge. This requires accurate measurement of airflow rates.
Flow measuring devices are broadly divided into volumetric flow measurement
devices and mass flow measurement devices. Volumetric flow rate of a gas flow is the
function of temperature and pressure. It can be converted to mass flow rate with the
knowledge of the density of the gas. The mass flow rate of a gas is not affected by
temperature, pressure, viscosity and altitude, unlike the volumetric flow rate of gas.
Mass flow rate can be calculated with the knowledge of volumetric flow and density
of the gas. The density of a gas can be obtained directly or with the knowledge
of temperature and pressure. However, mass flow measurement sensors are more
popular as they require no separate temperature and pressure measurements. The
main focus of this thesis is on mass airflow measurement for air intake of a combustion
system.
Modern burner control systems are mostly microprocessor controlled and are
provided with necessary software to control the overall operation of the igniter and
combustion control valves. The sequence of events that take place in these systems
include a system check before burner operation followed by prepurge, interpurge,
actual ignition and postpurge timings followed by multiple ignition attempts in case
of failure to ignite. The system is brought to soft lockout or hard lockout in case of
any unsuccessful ignitions or some failure. Burner control software is timely updated
for these types of systems. Also, hardware noise optimization is an ongoing process
for these burner control systems. Pilot light ignition, Spark ignition and Hot surface
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ignition (HSI) are some of the most commonly used technologies for ignition in burner
systems.
This thesis deals with the hot surface ignition system, which consists of a
ceramic semi-conductive material that heats up very quickly to a high temperature
with the application of a high voltage. The HSI has been employed only as an
ignition source in existing combustion systems. However, this thesis presents the
HSI unit as a dual purpose sensor that can be used for both ignition and flame
temperature sensing. Resistance of HSI sensors varies with temperature; hence this
property is utilized to function as a resistance temperature sensor. Flame temperature
is an important parameter of combustion systems that provides one of the ways
to estimate the fuel-air equivalence ratio (φ) for premixed mixtures. Knowledge
of equivalence ratio permits adjustment of fuel and airflow rates to maximize the
efficiency of premixed combustion systems. Since the equivalence ratio is applicable
only for premixed combustion systems, the flame temperature sensor discussed in this
thesis is only useful to control the efficiency of premixed combustion systems. Extra
interfacing circuits are required for dual functioning of the sensor, which increases
the cost of the burner control system. However, the HSI sensor as a dual purpose
sensor saves the cost of fuel by increasing the efficiency of the combustion system.
1.1 Thesis Outline
This thesis has been arranged as follows. Chapter 2 discusses different exist-
ing methods for measurement of gas flow and temperature. Chapter 3 discusses the
5
theory related to air mass flow measurement using a thermal flow sensor, and flame
temperature measurement using HSI sensor. Chapter 4 describes different experimen-
tal arrangements for testing mass airflow and flame temperature sensors. Different
arrangements for experimental data collection for both sensors are also described.
Chapter 5 presents the results of experiments conducted to test and validate the
operation of the mass airflow sensor and flame temperature sensor. Techniques to
calibrate both sensors and algorithm to auto-calibrate different flame temperature
sensors are also described. Finally, Chapter 6 presents the conclusions for the results
obtained and discussions of future works.
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CHAPTER II
LITERATURE REVIEW
2.1 Literature Review on Gas Flow Measurement
There are different gas flow measurement techniques with each having some
advantages over the other on different aspects such as flow range, speed of response,
accuracy, operating temperature range, maximum pressure drop, operating environ-
mental conditions and reliability. Gas flow measurements are broadly subdivided into
volumetric flow rate measurement and mass flow rate measurement. Volumetric flow
rate measurements are relatively simple and there are a large number of commonly
used techniques for it. Nevertheless, they are pressure and temperature dependent
and are specified for standard pressure and temperature. On the other hand, mass
flow rate measurement is independent of pressure and temperature and therefore it
is the preferred one in numerous control systems. Some of the techniques for the
calculation of volumetric flow rate measurement can be converted to mass airflow
rate with the knowledge of pressure and temperature. An overview of different flow
measurement techniques is discussed below.
Head devices, critical flow measurement devices, variable area devices, posi-
tive displacement devices, inferential devices, ultrasonic flow meters, hydrodynamic
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instability flow meters are some examples of volumetric flow rate measurement de-
vices [9], [10]. Similarly, thermal flow meters, Coriolis flow meter, Ion deflection flow
meter are some examples of mass flow rate measurement devices [9], [10], [11]. Head
devices [9] for flow measurement are based upon measuring the pressure drop by in-
creasing the velocity and decreasing pressure at the same time with an obstruction
placed in the flow channel. The devices such as capillary tube, laminar flow element,
Venturi meter, orifice flow meter, etc. all fall in this category. Likewise, critical flow
measurement devices [9] are similar to head devices except that the velocity of flow in
these meters could reach the speed of sound. They are of an orifice or nozzle type with
high pressure drops and are used for high flow rates. Variable area devices [9] such
as rotameter are similar to head devices except that the pressure loss in these devices
are held constant by changing the diameter of the obstruction. These devices can
measure both volumetric flow rate and mass flow rate. On the other hand, positive
displacement devices [11] involve mechanical displacement of physical components in
the device by the flowing fluid. These devices measure volumetric flow rate accurately,
which could be converted to mass flow rate with appropriate pressure and tempera-
ture compensation. Piston meter, bubble meter, bell prover, wet test meter and dry
test meter are some of the examples of positive displacement devices. Inferential de-
vices [9] such as a turbine flow meter for flow measurement consist of rotating element
designed in a way that the velocity of gas passing through the rotor is proportional
to the rotational speed of the motor. These devices possess limitation in minimum
velocity that could be detected because of moving parts involved. Ultrasonic flow
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meters [11], [12], [13] measure the gas flow using transmission of compressional sonic
waves between two transmitters and receivers. Despite the fact that these are volu-
metric flow meters, they could be converted to mass flow meter with just the addition
of a pressure sensor. Laser flow meters [11] belong to non-obstructive optical method
of flow measurement. They are based on scattering of light by the flow stream as
given by the Doppler frequency shift phenomenon. Hydrodynamic instability flow
meters [11] are another kind of flow meter that include devices such as swirl meter,
fluidic meter [14] and Kalman vortex flow meter [15], [16], [17]. Conventionally, they
were utilized as volumetric flow meters and are mostly suitable for higher flow rates
since vortices may not be generated at lower flow rates.
Coriolis devices provide direct measurement of mass flow rate for both liquids
and gases [2], [10], [18]. These devices consist of an oscillatory sensor tube with a
transmitter to maintain vibrations and are based on the principle that mass flow
through a tube exerts Coriolis force. These devices are accurate and independent of
the properties of the fluid. However, these are made available only as inline devices.
These devices are expensive and suitable only for higher flow applications. Ion beam
deflection method [19], [20] is another method that is based upon correlating the gas
flow with the deflection of the ion beam created in corona discharge by a transverse
gas flow. These methods have very high sensitivity and the ranges of flow are also
very high.
Thermal flow sensors are another widely used mass flow meters due to their
fast response, small size and high turndown ratio. These meters are based on the heat
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lost by a heated surface such as electric wire, thermistor, thermocouple or thin film,
etc. due to fluid passing through them. These devices possess advantages of provid-
ing outputs in the form of mass flow directly without any pressure or temperature
measurements. A hotwire mass airflow sensor with heated sensor made up of a plat-
inum wire wound resistor is described in [21]. Time of flight (TOF) sensors, thermal
anemometers and calorimetric sensors are sub-divisions of thermal flow sensors [22].
TOF and thermal anemometers are appropriate for larger flows, whereas calorimetric
sensors are more suitable for smaller flow measurements [22]. TOF sensors measure
flow on the basis of time delay of thermal pulse, which is proportional to gas flow rate
[23], [24]. Calorimetric sensors [22], [25], [26] are based on the measurement of vari-
ation in the temperature field near the heated element. The difference between the
temperature upstream and downstream of the heated element gives the measurement
of the flow. Thermal anemometers are based upon the King’s equation, which gov-
erns the convective heat transfer from an electrically heated resistive element. These
devices are non-linear and are calibrated against a standard flow meter.
2.2 Literature Review on Different Techniques of Temperature Measurement
There are different temperature measurement devices ranging from one di-
mensional point temperature measurement devices to three dimensional temperature
measurement devices. In general, temperature measurement methods can be broadly
categorized by the principle of measurements into mechanical, electrical, acoustic and
optical methods. Each of these methods has their own strengths and weaknesses and
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the choice of the particular temperature sensor depends upon applications, temper-
ature ranges and accuracy requirements. The measurement of flame temperature of
a combustion system enables estimation of the fuel-air equivalence ratio (φ) of the
combustion system.
Early temperature sensors were mechanical and these include devices that are
based on the change in mechanical dimensions with changes in temperature. Liquid
in-glass thermometer [27], [28], bimetallic strip thermometer [27] and fluid expan-
sion thermometer [27] are some common examples of thermometers in this category.
Mechanical methods are characterized by simplicity of measurement. However, they
have a very low temperature range and the use of these methods in a small flame can
cause disturbance to the flame itself.
Another class of temperature measurement methods uses optical techniques.
Sodium spectrum line reversal method [29], [30] gives the precise gas temperature for
uniform temperature cross sections for temperature range between 1000K to 2800K
with uncertainties between 10K to 15K. However, complex cross section flame tem-
peratures shown by this method for non-uniform temperature are intermediate tem-
peratures as they depend on the temperature of individual zones and their relative
optical depths [30]. Brightness and emissivity methods for temperature measurement
are based on either Wien’s law or Plank’s law [29]. These methods include mea-
surement of emissivity and brightness temperature of flame at certain specific bands
of wavelength. Spectral band thermometers in this class use narrow band of wave-
lengths whereas total radiation thermometers (200◦C to 1800◦C) [31] use broad band
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of wavelengths. Brightness temperature can be determined visually by observing a
surface using a pyrometer, photographic photometry, photoelectric measurements or
by comparison with some standard sources such as a strip tungsten filament lamp,
carbon arcs, etc. Knowledge of the type of surface material provides standard esti-
mates of emissivity for these methods. Another optical method is color temperature
method [32], [33] (Hotel and Broughton [29]), which involves measurement of emitted
radiation around two fixed wavelengths. This avoids the requirement of emissivity
as in brightness and emissivity methods. A CCD camera coupled with an optical
system using two color pyrometry [34] and three dimensional flame temperature re-
construction using tomographic imaging; pyrometric measurements [35] are examples
of some of the works that use this principle. The variations in the refractive index
of a gaseous medium can also be used as an indication of temperature. Different
temperature measurement techniques based on the variations of refractive index are
the Schlieren [31], [36], shadowgraph [31] and interferometric methods [31],[37].
Laser scattering methods are non-invasive methods of temperature measure-
ment and these methods allow point by point measurement of temperature. These are
based on the principles of Rayleigh scattering, Raman scattering or Resonant fluores-
cent scattering [27], [31], [38]. Measurement temperature for the Rayleigh scattering
ranges from 293K to 9000K and that for the Raman Scattering ranges from 20◦C to
2230◦C. The applications of Rayleigh scattering and Coherent Anti-Stokes - Raman
scattering (CARS) are discussed in [39] and [40] respectively. Laser Induced Flu-
orescence (LIF) is another technique for temperature measurement, which involves
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fluorescence from molecules that are excited to higher energy levels by the absorption
of laser radiation. LIF has a higher ability for high temporal, spatial and spectral
resolutions compared to other fluorescence methods. C. Copeland [41] has demon-
strated this technique using planar temperature imaging. Similarly, LIF temperature
measurement based on Y203: Eu and YAG: Tb has been illustrated in [42].
Optical fiber temperature sensors are based on the reflection, scattering, in-
terference, absorption and fluorescence of light by thermally generated radiations.
Optical fiber temperature probes made up of quartz or sapphire, alexandrite and
hollow sapphire fiber optic waveguides using Long Wavelength Infra-Red (LWIR)
are demonstrated in [38], [43] and [44] respectively. There is another temperature
measurement technique, which is based on variations of the ratios of intensities of
thermally excited luminance for different wavelengths with the change in flame tem-
perature. This principle was implemented using peaking of visible light in Er end
doped silica fiber [45]. Similarly, the temperature measurement based on change
in shape of OH band using Silicon Carbide dual diodes has been demonstrated in
[46]. The principle of broadening of the spectrum line in accordance with emitter
moving away or towards the observer (Doppler effect [38]) is used in Line shaping
methods [38] for flame temperature measurements. Implementation of the Doppler
broadening thermometry using comb assisted QCL based infrared absorption spec-
troscopy is described in [47]. There is another class of semi-invasive temperature
measurement devices that involve the application of temperature sensitive materials
such as thermochromic liquid crystals, temperature indicating paints, thermographic
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phosphors, etc. These devices monitor the variations in optical properties that give
an indication of temperature. Kaveh Azar [48] has proposed a method to monitor
the temperature of electronic devices using liquid crystal imaging. J.P. Feist [49]
has demonstrated thermographic phosphor thermometry in a gas turbine combus-
tor rig using YAG: Dy by employing the techniques of intensity ratio method and
decay lifetime method. These non-invasive optical flame temperature measurement
devices have earned greater popularity due to their wider temperature range and
ability to reliably follow rapid temperature changes. Some of the optical methods
allow temperature measurement in harsh environment and at multiple points in the
flame. However, these methods need sophisticated measurement instruments that
make them very expensive.
Acoustic thermography method is a relatively inexpensive method for non-
invasive temperature measurement. It is based on the principle of variation in speed
of sound with changes in temperature. This principle can be used to measure temper-
ature starting from few Kelvins to over 5000◦C [31]. CODEL has developed a system
for acoustic temperature measurement using a sound source of spark discharge that
uses either a single path or multiple path measurements [50]. A digital technique for
improvement of acoustic pyrometry has been discussed by John A. Kleppe in [51].
Unlike active acoustic thermometers [50], the measurement of temperature of pres-
sure pulsed gas flows using passive acoustic thermometry has been described in [51],
[52].
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A fourth category of flame temperature measurement devices includes elec-
trical methods. These methods possess advantages of easy detection and permit var-
ious signal processing techniques unlike other methods. Thermocouples are based on
the thermo-electric effect called the Seebeck effect [27]. They have a comparatively
higher temperature range than other electrical methods. The measurement of the
surface temperature of aluminum components using thermocouples in an ICE com-
bustion chamber has been discussed in [53]. Similarly, highly fluctuating temperature
measurement of a combustion chamber using thermocouples has been illustrated in
[54]. The temperature measurement by the thermocouples should take due account
of choice of suitable type of thermocouple and its dimensions. Thermocouples suf-
fer from problems of catalytic and radiative effects. This is described in [55] for
temperature measurement during ignition and early phase combustion of packed pro-
pellant beds. A technique to minimize catalytic effects on alumina thin films using
the chemical vapor deposition (CVD) method has been described in [56]. Resistance
temperature detector (RTD) is another electrical temperature sensor based upon the
principle of change in resistance with the change in temperature. These devices basi-
cally consist of a resistive metallic element, which is exposed to the environment whose
temperature is to be measured. Thermistors also possess the property of resistance
variation with temperature. However, they are mostly made of up of ceramic material
and their resistance varies exponentially with temperature. A major disadvantage of
most of the thermistors is its low temperature range, as oxide thermistors are limited
only up to 300◦C. Boron thermistors presented in [57] have a wider temperature range
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and are capable of working up to 700◦C. Platinum resistance thermometers (PRT)
are very precise temperature measurement devices due to high resistivity of platinum.
R.P. Carvel [58] has developed a robust and highly stable PRT for use in the on-board
calibration system of a space-borne infrared radiometer. PRT developed using this
method possesses initial reproducibility better than 2.5mK. High temperature PRTs
that are stable up to 1200◦C and composed of platinum and aluminum sheaths are
discussed in [59], [60].
This thesis studies the use of Hot surface igniters (HSI) made up of Silicon
Nitride (SN) for flame temperature measurements. Resistance of the SN HSI varies
with the change in temperature and this property was utilized for flame temperature
measurements in this thesis. The SN HSIs are normally used for ignition in the
burner control systems. The use of HSI Igniter for flame temperature measurements
makes it a dual purpose sensor in these burner systems. Therefore, both functions
of the HSI igniter should be equally accounted for during the study of these igniters
as flame temperature sensors. Silicon Carbide (SiC) HSI was prevalent before the
introduction of SN HSI. However, as SiC HSIs are brittle and more susceptible to
breakings due to mechanical shocks, SN HSI igniters were developed.The SN HSI
has low density, corrosion resistance, high mechanical strength at high temperatures
and possesses great hardness. Additionally, SN HSIs are very good insulators that
provides electrical isolation preventing electric shocks.
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2.3 Summary
Chapter 2 presented different techniques for airflow measurements and tem-
perature measurements. Different types of volumetric airflow and mass airflow mea-
surement methods were discussed. The advantages of mass airflow rate measurement
over volumetric flow rate measurement were also discussed. This chapter also pro-
vided brief overview of thermal mass airflow sensors, which was one of the sensor dis-
cussed in this thesis. Different types of temperature measurement techniques along
with the brief overview of flame temperature measurements using the hot surface
igniter were also presented.
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CHAPTER III
THEORY BEHIND THE WORK
3.1 Theory on Mass Airflow Sensor
This section describes the theory on mass airflow sensor. The basic principle
of thermal mass airflow measurement along with mathematical treatment of the sensor
is also presented in following subsections.
3.1.1 Thermal Mass Airflow Measurement
Thermal mass airflow measurements are based on the principle of heat trans-
fer into the boundary of a stream of airflow from a heated surface. These meters
directly measure mass airflow as it is molecules that bear mass and carry away heat
from the heated surface. Therefore these sensors give the mass airflow measure-
ment directly without any need for pressure and temperature compensation unlike
in volumetric flow devices. These meters are primarily used for single phase gas flow
measurement and not for liquid flow measurements because of low velocity sensitiv-
ity, increased dependence in liquid temperature and contamination caused by liquids.
Common applications of these devices include flow measurement of preheated air,
fueled gas, semiconductor manufacturing gas distribution, heating, ventilation, air-
conditioning, etc. These sensors mainly use electrical elements that possess a temper-
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ature coefficient of resistance. The cooling effect along the surface with the passage of
airflow causes change in resistance that results change in electric current. Therefore,
electrical parameters of the sensor such as power at the heated sensor element are
related to the mass airflow rate. This thesis discusses a mass airflow (MAF) sensor
based on the principle of thermal anemometer.
Thermal mass airflow meters consist of two temperature measurement devices
and a heating element. One of the temperature sensors measures ambient tempera-
ture, and the other functions both as a temperature sensor and heating element. The
temperature sensing devices could be electrical elements such as RTDs, thermistors,
thermocouples, etc. When air flows across the heated surface, heat is taken away and
the amount of heat taken away is correlated to the mass airflow rate.
In general, a well designed thermal mass airflow meter should possess follow-
ing properties,
1. Ability for both low and high flow measurements.
2. Minimal flow disturbance to the existing flow with little presure drop due to
presence of sensor.
3. Capability to be used as both insertion probe type and inline type meters.
4. Good signal sensitivity to small change in mass airflow.
5. Good frequency response so that the sensor accurately follows transients.
6. Low cost and high accuracy.
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3.1.2 Types of Thermal Mass Airflow Sensor
Thermal mass airflow meters operate in three different modes constant power,
constant temperature difference and constant energy balance modes. Constant power
type thermal airflow meters are based on supplying constant power to the heated
sensor and monitoring the temperature difference between the heated and ambient
reference temperature. The temperature difference is inversely proportional to the
portion of the total mass airflow rate of the stream that passes through the sensor, as
the power is fixed. The constant temperature difference sensor maintains a constant
temperature difference between the heated and ambient temperature measurement
devices. The power consumed by the heated sensor is proportional to the portion of
the total mass airflow rate of the stream that goes through the sensor as fixed tem-
perature difference is maintained. And, the constant energy balance mode correlates
flow rate with the ratio of powers to maintain zero temperature difference for the
upstream and downstream temperature sensor located near a heated surface. The
constant power mass airflow sensor is slower compared to the constant temperature
difference mass airflow sensor as it requires changing and stabilizing the temperature
of the heated sensor whenever there is a change in flow. This thesis describes a ther-
mal mass airflow sensor built on the principle of maintaining constant temperature
difference between heated and ambient temperature sensors.
Thermal mass airflow sensors are modifications of the hotwire anemometer
[61]. Hotwire anemometers that are used for volumetric flow measurements are con-
sidered very fragile for industrial applications. There are two basic configurations of
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thermal mass airflow sensors: inline type and insertion type as shown in Figure 3.1.
Insertion type configuration is inserted in the pipes where the flow is to be measured
and they are mostly suitable for pipes with larger diameters. This configuration of
flow sensor does not possess a flow body and they measure point mass velocity at
a point in a pipe, which could be calibrated to measure the total mass airflow rate.
In contrast, the inline configuration measures total mass airflow rate and involves
using the mass airflow sensor itself as a section of flowing conduit or pipe. Major
components of the inline configuration include the flow body, flow conditioners, flow
sensor and transmitter. Flow straighteners help to decrease the upstream straight
length of pipe required to maintain laminar flow for these types of flow meters.
Figure 3.1: Inline (a) and Insertion (b) Type Thermal Mass AirFlow Meter [1]
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3.1.3 Mathematical Treatment of Inline Mass Airflow Measurements
Both insertion and inline configuration of thermal mass airflow meter have
two sensor elements, an electrically heated sensor and a ambient temperature sensor,
mounted in an insertion probe as shown in Figure 3.2. The sensor elements can
be thermistors, RTDs, thermocouples, hot films, etc. The heated sensor element
consists of an electrically self-heated temperature sensor that heats the air as well as
measures its own average temperature (Th). On the other hand, the air temperature
sensor element is not self-heated, but it is used to measure the ambient temperature
of the air (Ta).
Figure 3.2: General Arrangement of Immersion Probe [2], [1]
The first law of thermodynamics is applied to get a mathematical expression
to measure mass flow rate using the MAF sensor as shown in Figure 3.2 (a). Figure 3.2
(b) shows the transverse section of a thermal mass airflow meter based on the constant
temperature difference method. According to the first law of thermodynamics, energy
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input in the form of electrical power to the heated sensor must be equal to the energy
stored in the sensor and the heat lost by the sensor due to conduction, convection
and radiation.
Mathematically, the heat balance equation for the heated sensor can be writ-
ten as,
Pe = Q˙fconv + Q˙conv + Q˙cond + Q˙rad + Q˙stored (3.1)
where Pe is the electrical power input to the heated sensor, Q˙fconv is forced convective
heat transfer rate, Q˙conv is natural convective heat transfer rate, Q˙cond is conductive
heat transfer rate from the end of the sensor to the remainder of sensor length and
to the environment, Q˙rad is the radiation heat transfer rate and Q˙stored is the heat
storage rate.
The conductive heat transfer rate is very small and contributes only 10-15%
of total heat loss [2]. For simplicity, this is neglected in the analysis. Radiation
heat transfer rate is also very small and it can be neglected. Similarly, the natural
convective heat transfer rate can also be ignored as it is significant only at very low
flow velocities. Under the condition of steady state conditions of the temperature
of heated sensor, the heat energy storage rate also becomes zero. Therefore, only
the forced convective heat transfer rate term need to be taken into consideration as
shown below,
Pe = Q˙fconv (3.2)
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The convective heat loss rate calculated using the Newton’s law of cooling is
given by,
Q˙fconv = hhAh(Th − Ta) (3.3)
where Ah = heat transfer surface area, Th and Ta are the temperatures of heated and
ambient sensor respectively, hh is the equivalent convective heat transfer coefficient
(assumed independent of temperature) (W/m2K), given by hh = h/(1 + hAhRs);
Rs = Skin resistance.
The convective film heat transfer coefficient for the heated sensor (h) is given
by,
h = k
Nu
L
(3.4)
where k is the thermal conductivity of fluid, Nu is the Nusselt number and L is the
characteristic length of the heated sensor.
Skin resistance (Rs) is the resistance provided by the intervening layers of the
heated sensor. It should be kept as low as possible, as it results in droop or reduction
in sensitivity of the flow meter’s output signal. This effect is pronounced at higher
mass flow rates. The skin resistance was assumed to be zero for the calculation of hh.
Therefore, Equation 3.3 can be written as,
Q˙conv =
kNuAh
L
(Th − Ta) (3.5)
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Assuming that air has negligible compressibility effects, air velocity is less
than one-third the speed of sound and the flow is not in high vacuum, Nusselt number
is the function of Reynolds number (Re) and Prandtl number (Pr) as shown below
[2],
Nu = F (Re, Pr) (3.6)
The value of Nu depends upon flow velocities and fluid properties: absolute
viscosity (µ), density (ρ) and thermal conductivity (k) [61]. Additionally, fluid prop-
erties are temperature dependent. The general expression for Nu in a variable gas
temperature mass airflow sensor is given below [2],
Nu = A+BPr0.33Ren (3.7)
where A, B and n are constants that are determined during flow calibration. Reynolds
number (Re) is given by,
Re =
ρ UL
µ
(3.8)
where U is fluid velocity.
Under the standard conditions, Equation 3.1 can be modified using Equations
3.2 to 3.8 and with the new constants A and B as shown below [2],
Pe = [Ak +Bk(
ρ
µ
)nPr0.33Us
n](Th − Ta) (3.9)
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where Us is point velocity of fluid. The mass flow rate for an inline flow meter is given
by,
m˙ = ρsAcγUs,c (3.10)
where Us,c is point velocity measured by the thermal flow sensor at the center line
and γ is the conduit factor. The conduit factor is given by γ = Us,ave/Us,c, Us,ave is
the average velocity inside the inline pipe. Also, γ is a weak function of the Reynolds
number and can be assumed to be constant. The value of γ can be assumed to be
between 0.5 and 1 for laminar flow and conditioned flow respectively. Substituting
Equation 3.9 into Equation 3.10, the following equation is obtained [2],
m˙ = µ[
Pe/(Th − Ta)− Ak
BkPr0.33
]1/n (3.11)
where A and B are new constants formed by combining previous A and B with other
constants.
At a specific ambient temperature, Equation 3.11 shows that the mass flow
rate is related to electrical power at the heated sensor as all of the other parameters
are constant. The constants A,B and n can be determined experimentally from the
calibration curve of mass flow rate vs. electrical power to the heated thermistor.
Furthermore, fluid conductivity and viscosity [62], [63] are temperature dependent,
which makes Equation 3.11 also dependent on the ambient temperature in addition to
the temperature difference between the heated and ambient temperature sensor. In
addition to different sources of error due to terms that have been neglected in deriving
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Equation 3.11, there could be another source of error because of the assumption that
the outside temperature of the sensor is same as the gas temperature. If this is
not the case, heat could be conducted from the stem of the sensor to the outside
and within the two stems of the sensor. This conduction phenomenon is termed as
stem conduction [1] and is dependent upon the mass flow rate, which complicates
the situation. This further introduces complexity in error calculations. The stem
conduction error could be reduced by using long stems.
3.1.4 Thermistors
Thermistors are used as heating element and temperature sensor in the MAF
sensor covered in this thesis. A thermistor is an electrical component with resistance
changing highly non-linearly with temperature. Materials used in thermistors are ba-
sically ceramic or polymers unlike RTDs, which are composed of metals. Resistance of
thermistors changes by a large amount even for a small temperature change; however,
they have a very small temperature range between -90◦C to 130◦C, where they have
very high precision. Thermistors are one of the most widely used resistive elements
in thermal hotwire anemometers. They possess the advantages of having a very high
temperature coefficient of resistance and large resistance despite having small physi-
cal structure. Thermistors are classified into positive temperature coefficient (PTC)
thermistors and negative temperature coefficient (NTC) thermistors. Resistance of
PTC thermistors increases with temperature, whereas that of NTC decreases with
temperature. Resistance of PTC increases drastically due to dielectric breakdown
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after the temperature known as the Curie point. Below that temperature, PTC has a
small negative temperature coefficient. Applications of PTC include current limiting
devices, timers in degaussing coils of CRT, heaters, temperature compensated synthe-
sizer voltage controlled oscillators, etc. On the other hand, the resistance of the NTC
decreases drastically with temperature and are used for temperature measurements.
The MAF sensor described in this thesis consists of NTC thermistors as temperature
sensors and heating element. The resistance-temperature relationship of a thermistor
is basically expressed in terms of the natural log of resistance (R) and temperature
(T ), as shown below,
1
T
= A0 + A1(ln(R)) + ...+ AN(ln(R))
N (3.12)
where A0, A1, ..., AN are constants that are determined experimentally.
Steinhart-Hart equation is the generally accepted third order polynomial de-
rived from Equation 3.12, which is given by,
1
T
= A+B(ln(R)) + C(ln(R))3 (3.13)
where A, B and C are constant factors for a thermistor and are determined experi-
mentally.
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The resistance of a thermistor is widely expressed for commercial use in terms
of absolute temperature and Beta value (β) as shown below,
R = R∞e
β
T (3.14)
where R∞ = Rae
−β
Ta , R is the resistance of thermistor at temperature T Kelvin, β is
constant called Beta value and Ra is the resistance at reference temperature Ta Kelvin.
Equation 3.14 is the Steinhart-Hart equation with constants, A = 1
Ta
− 1
B
ln(Ra), B =
1
β
and C = 0.
3.1.5 Self-Heating in Thermistors
A thermistor gets heated according to Joule’s law, when current flows through
the thermistor. This heat produced also increases the temperature of the thermistor,
which results change in its own resistance value. This effect results inaccuracy in re-
sistance measurements unless power dissipation by Joule’s heating is negligible. The
resistance measured with negligible power dissipation is called zero power resistance.
Self-heating is a disadvantage in resistance measurements; however, this effect has
been employed for applications such as flow meter. The principle of measurement of
heat dissipated by a self-heated thermistor is used in flow rate measurement in ther-
mal airflow meters. The electrical power input to thermistor in a thermal flow meter
is given by Pe = IV , where I and V are current and voltage across the thermistor,
respectively. This heat is dissipated to the surrounding according to the Newton’s
law of cooling as PT = K(T (R)− To), where T (R) is the temperature of the ambient
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temperature a function of resistance, To is the ambient temperature and K is dissipa-
tion constant expressed in mill watts per degree Celsius. At equilibrium, the power
dissipated by a thermistor to surrounding should equal Joule’s heat, Pe = PT. This
gives the relationship to calculate ambient temperature using a thermistor as shown
below,
To = T (R)− V
2
KR
(3.15)
3.1.6 Temperature Compensation
The power output at the heated thermistor of MAF sensor is dependent
upon ambient temperature and the temperature difference between the heated and
ambient thermistors as shown by Equation 3.11. Additionally, properties of gas in-
fluencing convective heat transfer such as viscosity, Prandtl number and conductive
heat transfer coefficient are also dependent on temperature. Therefore, temperature
compensation is needed for mass flow meters with the change in ambient temperature.
Temperature compensation is mostly being done by implementing compen-
sating electronic circuits [64] for analog thermal mass airflow sensors, which maintains
the constant temperature difference between heated and ambient thermistors. Most
of these compensating circuits are implemented using a Wheatstone bridge. The
heated and ambient temperature sensors are placed on opposite ends of the Wheat-
stone bridge and other temperature sensitive resistive elements are used on the other
legs of the bridge to compensate for the resistance change due to change in ambient
temperature. Constant temperature difference between the heated and ambient ther-
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mistor was maintained by implementing a digital PI controller in the microprocessor
based MAF sensor described in this thesis. Equation 3.11 shows that the MAF sensor
must be temperature compensated for changes in the properties of air to correlate
electrical power with mass airflow rate. The temperature compensation owing to fluid
properties change was performed experimentally in this thesis, which is discussed in
following chapters.
3.2 Theory on Flame Temperature Sensor
This section describes the theory on combustion, flames and the relationship
between flame temperature and equivalence ratio of a combustion system. Also,
the theory on hot surface igniter and the materials used for hot surface igniter is
presented.
3.2.1 Combustion and Flame
Combustion is defined as a chemical reaction that occurs when fuel and air
burns together at very high temperature producing heat and combustion products. A
combustion process needs to be initiated by an ignition. The rate of these combustion
reactions is regulated by chemical kinetics and physical diffusion processes. Fuel goes
through different steps during combustion, which include mixing of fuel with air
followed by ignition of the mixture. Finally chemical reaction occurs that results
dispersal of combustion products. Usually, mixing process is the slowest of all and
it determines the rate and completeness of combustion. Theoretically, there should
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be stoichiometric ratio of fuel and air for complete combustion; however, a small
amount of excess air is necessary in practical combustion. General concept about
flame is that it is produced by a huge exothermic reaction of different chemicals and
generally has a high temperature. Although flames are produced by combustion of
fuels in different states, this thesis deals with the flames produced by combustion
of gaseous fuel only. Flames can be categorized on the basis of mixing of fuel and
air into diffusion and premixed flames. Figure 3.3 shows example of premixed and
diffusion flame in a Bunsen burner.
Figure 3.3: Example of (a) Premixed Flame and (b) Diffusion Flame [3]
3.2.2 Diffusion Flame
Diffusion flames have fuel and oxygen coming in interface only in the region of
combustion. Air is diffused into jet of fuel coming out of an orifice in diffusion flames.
There is a drastic variation in the fuel-air equivalence ratio in the neighboring of the
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orifice of the fuel jet. Combustion in such flames is determined by inter-diffusion of
air and fuel in case of small flames. Additionally, in case of large flames, turbulence
and other movements of gases could follow diffusion. The chemical composition of
the fuel changes on contact with the air and there are only few parameters which can
be measured in the case of diffusion flames. The rate of combustion is dependent on
the rate of diffusion and mixing. There is no true final flame temperature in case of
diffusion flames, although some points of flame nearly reach the theoretical maximum
for stoichiometric premixed mixture, unless the air supply as well as the fuel supply
is restricted. Diffusion flames have general appearance of yellow color, take a long
time to burn and their reactions are generally incomplete.
3.2.3 Premixed Flame
Premixed flames are produced by combustion of a mixture of fuel and air,
which are mixed prior to reaching the combustion chamber. A common example of
a premixed flame is a Bunsen burner flame with air holes at the base of a Bunsen
burner openings. This allows proper mixing of air and fuel as fuel gets along the
tube of the Bunsen burner. In general, premixed flames are characterized by their
short blue colored appearance. These flames are noisy and combustion of fuel and
air is virtually complete. Premixed air has flammability limits with fuel-air ratio
to be within certain lower and upper limits of lean and rich air. Too high and too
low flame speed must be controlled in the design of premixed burners as too high
flame speed may cause flame extinction and too low may cause overheating of the
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burner. Premixed flames are generally employed for small scale burners as large scale
premixed flames would require large mixer and this adds a risk of fire and explosion.
They produce very little soot and have low emissivity and low rate of radiant heat
transfer. Therefore, the temperature of premixed flame could almost reach theoretical
maximum temperature. This thesis deals with the flame temperature measurement
of premixed flames.
3.2.4 Fuel-Air Equivalence Ratio
Fuel-air equivalence ratio (φ) of a combustion process is the ratio of the mass
of fuel to mass of air compared to the stoichiometric ratio of masses of fuel and air.
The amount of fuel and air required for a particular type of combustion process is
referred in comparison to a stoichiometric air-fuel ratio. The stoichiometric air-fuel
ratio is the ratio of the amount of air necessary to burn a particular amount of fuel
completely. For illustration, hydrocarbon fuel’s stoichiometric air-fuel ratio is the
amount of air required to combust all the fuel exactly to produce carbon dioxide and
water. The fuel-air equivalence ratio varies between 0 and 1 for a lean mixture and
it goes from 1 to infinity for rich mixture. Stoichiometry plays a major role in the
combustion process as it is directly related to stack losses, unburnt fuel, auxiliary
power consumption and different environmental pollutant formation. Rich mixture
results in production of unburnt gases, carbon monoxide (CO), NOx emissions, poly-
cyclic aromatic hydrocarbons (PAH) and other products of incomplete combustion,
whereas lean mixture results in excessive loss of thermal energy from the exhaust
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due to increased power consumption by blowers and compressors. Measurement of
the fuel-air equivalence ratio can be achieved through different means such as mea-
surement of excess oxygen using oxygen analyzers, evaluating the content of the flue
gases (carbon monoxide, NOx emissions, etc.) using flue gas analyzers, measurement
of temperature of flame, etc. Mathematically, equivalence ratio (φ) is expressed in
terms of ratio of masses or ratio of no of moles as follows,
φ =
fuel-to-oxidizer ratio
(fuel-to-oxidizer ratio)st
=
mfuel/moxygen
(mfuel/moxygen)st
=
nfuel/noxygen
(nfuel/noxygen)st
(3.16)
where mfuel, moxygen are the masses of fuel and oxygen respectively; nfuel, noxygen are
the number of moles of fuel and oxygen respectively and the subscript ”st” denotes
stoichiometric ratio.
3.2.5 Adiabatic Flame Temperature and Stoichiometry
Adiabatic flame temperature is the maximum theoretically achievable flame
temperature in a combustion process either in constant volume or constant pressure
with no heat transfer between a combustion system and surrounding. The constant
pressure adiabatic process involves work done to change the volume of the system
unlike the constant volume adiabatic process, although both do not allow heat transfer
or changes in kinetic and potential energy. Therefore, constant volume adiabatic flame
temperature is higher than the constant pressure counterpart. In practice, a small
amount of heat transfer occurs between the combustion process and surrounding,
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which results actual flame temperature to be always less than or equal to the adiabatic
flame temperature.
Most common combustion processes are of the constant pressure type as they
take place in the open air where there is no confinement in volume. Adiabatic flame
temperature is a function of fuel composition, stoichiometry of fuel and air, temper-
ature and pressure of the reactants. Therefore, in constant pressure and constant re-
actant temperature combustion process, knowledge of fuel-air equivalence ratio gives
the temperature of the flame or vice-versa. A method to estimate the adiabatic flame
temperature is by using average specific heat (cp) method. In the constant pressure
combustion process, flame temperatures are calculated using following equations [65],
TP = TR +
φfsLHV
(1 + φfs)cp,P
, φ ≤ 1 (3.17)
TP = TR +
fsLHV
(1 + φfs)cp,P
, φ ≥ 1 (3.18)
where fs is the fuel-air ratio, LHV is lower heating value of water vapor, cp,P is the
average specific heat at constant pressure per unit mass of mixture at temperatures To
= 25◦C, and TR is reactant temperature. These expressions show that the adiabatic
flame temperature is directly related to the fuel-air equivalence ratio. The relationship
between adiabatic flame temperature and equivalence ratio of different hydrocarbon
fuels are shown in Figure 3.4.
Theoretically, the maximum adiabatic flame temperature should occur at
the equivalence ratio of 1. However, it could differ for different fuels in practice.
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Figure 3.4: Variation of Adiabatic Flame Temperature vs. Equivalence Ratio for
Various Hydrocarbon Fuels at STM [4]
Maximum value of adiabatic flame temperature (Tad) of mixtures of hydrocarbon and
air occurs slightly on the richer side of the fuel-air equivalence ratio as shown in Figure
3.4. This is due to reduced heat release from product dissociation, although specific
heat increases with an increase in the equivalence ratio. However, the direction of
shifting is determined by the peak heat release. Furthermore, in case of fuels like
NmHn/F2 mixtures, the shift is toward the lean side of the mixture. This is because
the variation of specific heat with equivalence ratio dominates the reduced heat due
to product disassociation for these fuels.
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3.2.6 Combustion in Boiler and Adiabatic Flame Temperature
Heat balance in a constant pressure combustion system can be demonstrated
by considering heat exchange in the boiler system as shown in Figure 3.5. In the
figure, HR and HP are enthalpy of reactant gas mixture and flue gas respectively.
CV is the calorific value of fuel, which is defined as the amount of heat produced
during combustion of specific mass of fuel expressed in KJ/kg. Flue gas depends upon
the fuel used and the enthalpy of the product is also dependent on the fuel. Enthalpy
of products can be considered on dry basis or wet basis. Since, the temperature of
the combustion system is the parameter of interest, HR should be considered on a
dry basis. The case loss of the system is QC and QU is the useful energy, which is
transferred from the combustion system to useful work by a heat exchanger.
Figure 3.5: Energy Balance in a Combustion System
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Using the first law of thermodynamics, heat balance in the combustion system
can be expressed as,
CV +HR = HP +QC +QU (3.19)
Case loss QC is very small compared to other components and is neglected
in the analysis. Enthalpy of reactants can be calculated as,
HR = (ti − 25)
∑
(mcp)R (3.20)
where ti is the initial temperature of gas, m is the mass of component and cp is specific
heat capacity of each reactant gases at mean temperature (ti + 25)/2. Similarly, the
enthalpy of the product can be calculated as,
HP = (tf − 25)
∑
(mcp)P (3.21)
where tf is the flame temperature, m is mass of individual flue gas and cp is the specific
heat capacity of each flue gases evaluated as (tf+25)/2. However, tf is unknown and cp
for each product gas varies with the temperature and is calculated using polynomial
equation as,
cp = a[0] + a[1]t+ a[2]t
2 + a[3]t3 + a[4]t4........ (3.22)
Tables for values of coefficients a[0], a[1], a[2], a[3], a[4] and so on, for specific
heat calculation are available for different gases. If the system is adiabatic, there is
39
no useful heat output from the system and Equation 3.19 reduces to following,
CV +HR = HP (3.23)
Substituting values for HR and HP results following,
CV + (ti − 25)
∑
(mcp)R = (tf − 25)
∑
(mcp)P (3.24)
The flame temperature (tf) in Equation 3.24 is the adiabatic flame temper-
ature and it can be calculated using an iterative approach. A value of tf is guessed
initially and cp for products are calculated and Equation 3.24 is solved for tf. The
initial guess is then replaced with most recent tf and the equation is solved again.
When the value of calculated tf gets close to the one used during estimation of cp
for products, iteration is stopped and tf is taken as the adiabatic flame temperature.
The values of adiabatic temperature of different fuels are available in the form of
standard tables for specific gas and oxidizer used. Equation 3.24 shows that if the
system is non-adiabatic and useful heat is considered then the final temperature of
the combustion system is lower than that obtained when the system is adiabatic. In
practice, there are useful heat and heat loss from case, therefore temperature of the
combustion system is far less than the adiabatic flame temperature. Additionally,
Equation 3.24 shows that higher the initial temperature of reactants higher will be
the flame temperature, which is supported by results of study by Milisav Lalovic [66].
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3.2.7 Hot Surface Igniter
A hot surface igniter (HSI) is a resistive ceramic device, which heats up
rapidly upon application of electric voltage. Some examples of HSI sensors are shown
in Figure 3.6. Silicon Nitride (SN) HSI consists of a tungsten resistance element
enclosed within the silicon nitride material. Application of line voltage to the tungsten
element heats the element with operating power level in the range between 80W
and 100W. These SN HSI can be safely heated up to a maximum temperature of
2400◦F. The life of SN HSI gets reduced if it is heated above 2400◦F and the ignition
temperatures of many gas air mixture is around 1800◦F. Therefore, there should be
proper co-ordination between maximum temperature reached and applied voltage to
the SN HSI igniter. This property of SN HSI igniters also allows operation as flame
temperature sensor within a maximum flame temperature of 2400◦F.
Figure 3.6: Examples of Hot Surface Igniter [5]
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Flame corresponds to a very corrosive environment, therefore the flame tem-
perature measurement sensor should be able to withstand this harsh environment.
Resistance of HSI igniter depends upon its temperature and it increases with increase
in temperature. Hot surface ignition systems are becoming popular for ignition as
they overcomes one of the major disadvantages of spark ignition system of producing
a rapid series of very high voltage sparks. A spark ignition system is economical,
rugged and has long life. However, high voltage arcs generated by sparks causes elec-
tromagnetic interference during the trial for ignition, which generates noise in burner
control electronics circuits. On the other hand, HSI sensors are comparatively more
expensive than a spark ignition system and also possesses a higher ignition time com-
pared to spark ignition. Most prior art resistance igniters consumed an unacceptably
large amount of power and were mechanically extremely weak. They were brittle
and did not survive an extraordinary high number of heat-up and cool-down cycles.
However, there are recently developed highly efficient and mechanically very durable
HSI igniter sensors. Research is still ongoing in these devices and development of new
efficient resistance igniters continue.
3.2.8 Materials for HSI
There are specific requirements for a material to be used for HSI, which could
be summarized as below,
1. Resistivity changes for the material should be measurable in the temperature
range between room temperature and maximum temperature of its use.
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2. The material should withstand adverse conditions of flame turbulence, high
mechanical strength, high ignition reliability and high temperature along with
failsafe operation over a wide range of line voltage considerations.
3. The material should be appropriate conductor of electricity to provide heat for
ignition.
4. Temperature coefficient for the material should be positive, so as to prevent
thermal runaway with increasing temperature [67].
5. Electrical properties of the material should be adjustable by varying the com-
position of the conductive and insulating phases [68].
6. The heat emitted by the igniter material should remain almost constant through-
out the lifetime of HSI sensor [68].
Two most common materials used for HSI igniters are Silicon Carbide and
Silicon Nitride. Silicon Carbide (SiC) possesses all the above mentioned character-
istics to be HSI material. It has a positive temperature coefficient in the relevant
temperature range of 1000-1600◦C. Electrical characteristics of Silicon Carbide HSI
are dependent on the microstructure of the final product and the process employed
during manufacture. The composition and geometric design of the sensor are varied
to achieve the desired characteristics depending upon applications. The SiC HSI also
exhibits a pattern of crack generation originating from micro structural discontinu-
ities that grows with time and makes it mechanically weak. Low mechanical strength,
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porous construction and oxidation with age are some of the major shortcomings of
SiC igniters.
The use of SN HSI overcomes some of the shortcoming of SiC HSI. The SN
HSIs possesses high mechanical strength, fracture resistance, good thermal shock-
resistance, and chemical and deformation resistance. Silicon Nitride possesses all
the characteristics required for being a HSI material; however, one of its shortcom-
ing is that its lifetime decreases if the sensor is heated above 2400◦F. The volt-
age/temperature control for Silicon Nitride igniters is critical, unlike Silicon Carbide
igniters, which has a wider range of working voltage capability [69]. Different varieties
of Silicon Nitride HSI using different line voltages of 24 V, 120 V and 240 V [68] are
available in the market. Intelligent control of voltage and temperature enables SN
igniters to be used for a wider voltage range than SiC HSI [69].
One of the major problems associated with the HSI igniter is the mechanical
failure of the device. Different techniques of breakage prevention using shock-resistant
igniter coupled with proper appliance mounting have been studied for improving
mechanical failure of SN igniters [65]. The optimum operation of these SN igniters
with the use of microcontroller based ignition controls can be implemented to control
the voltage and ignition temperature that improves the life cycle of these devices. All
of the HSI igniters used for testing in this thesis were SN igniters.
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3.2.9 Temperature Profile in Premixed Flames
A premixed flame has fuel and air mixed thoroughly before entering the com-
bustion chamber. Flame distribution in premixed flames is uniform and temperatures
are also comparatively higher than that for diffusion flames, as combustion in pre-
mixed flames are closer to complete combustion. There are different theories that
describe temperature distribution in premixed combustion. One of the early theories
of flame propagation (by Mallard and Le Chatelier [6]) states that the flame propaga-
tion mechanism in a combustion process was based on heat transfer between different
layers of gas. According to Mallard and Le Chatelier, there are two zones in combus-
tion of laminar premixed flame. Figure 3.7 shows these two zones, which were termed
as the preheat zone (Zone I) and the burning region (Zone II). The flame moves from
the burning region to preheat region with flame velocity (SL), which is normal to
the flame front by heat conduction. The flame is sustained, when heat conducted
to preheat region is enough to keep the temperature of the premixed mixture above
the ignition temperature of the mixture. The initial temperature (To ) of the pre-
mixed mixture rises to Ti at the boundary between the two zones due to conduction
heat from the moving flame front to the preheating region. The burning region that
has thickness of δ is the region where the combustion of premixed gases takes place.
There is no chemical equilibrium in this region and it is abundance of radicals and
ions. Temperature in this region increases from Ti to Tf at the extreme right bound-
ary. At the boundary of the burning region, stable final products of combustion are
produced and the maximum temperature of flame is reached. The flame temperature
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after this region remains almost constant and is equal to Tf. This theory is based
upon ignition temperature, which is not clearly distinguishable in actual flame.
Figure 3.7: Mallard, Le Chatelier Flame Zones in Laminar Premixed Flames [6]
There is another theory (proposed by Zeldovich and Frank-Kamenetskii [6]),
which states that both heat transfer and diffusion of molecules are responsible for
controlling flame propagation. However, again this theory does not considers the
diffusion of free radicals, which has been covered in theory proposed by Tanford and
Pease [6]. For simplicity of analysis, this thesis assumes that there is a transition
zone in flame where the temperature is not constant, but varies along the combustion
zone as shown in Figure 3.7.
S. Prucker [7] has studied temperature and species concentration variation
in a flat flame burner with premixed H2/air flames. Flat flame burner considered
in his experiment consisted of water cooled cylindrical combustion chamber with
controllable H2 and air supply. Prucker’s studies are closely related to the combustion
46
chamber considered in this thesis. He has demonstrated flame temperature variation
at different heights of the combustion chamber and the variation of flame temperature
with equivalence ratio for flat flame burner with water circulation for cooling. Figure
3.8 was plotted by keeping H2 flow constant and varying airflow in the system for
temperature measurement at different height of the burner. The variation of flame
temperature with variation of air and H2 flow rate and variation in height is shown in
the figure. In the burning zone, flame temperature rises with the increase in distance
from the burner plate. Figure 3.9 shows variations in measured temperature with
the equivalence ratio, which was produced by varying airflow rates and keeping the
H2 flow rate constant. It is clear that the flame temperature is lower than adiabatic
and depends upon H2 and airflow rates. Also Prucker’s results showed that the flame
temperature read by the temperature sensor depends on location of placement of
the sensor within the combustion chamber. The results of HSI sensor positioning at
different locations in the combustion chamber similar to the one studied by Prucker
have also been studied in the thesis.
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Figure 3.8: Temperature Variation with Height for Premixed H2 Flames [7]
Figure 3.9: Temperature Variation with Different Airflow Rates Maintaining H2
Flow Rate Constant [7]
3.3 Summary
This chapter discussed the theory of mass airflow measurement using thermal
mass airflow meters and flame temperature measurement using hot surface igniters.
The mathematical relationship that governs the power output of the thermal mass
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airflow sensor was also provided. The chapter also discussed different parameters
related to thermistors, which were used as temperature sensor and heating element
in the MAF sensor presented in the thesis. A brief overview on the combustion
process was also provided. Flame temperature measurement using HSI sensor and
the relationship between flame temperature and equivalence ratio of the combustion
process was also discussed. Finally, the structure of premixed flame and temperature
profile in a premixed flame were also presented in the chapter.
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CHAPTER IV
EXPERIMENTAL ARRANGEMENT
4.1 Experimental Arrangement for Mass Airflow Sensor
This section describes the experimental arrangement for testing the mass
airflow sensor. The structure of the inline mass airflow sensor holder and the MAF
sensor board is also discussed. Additionally, the different steps for the calibration of
the sensor is also presented.
4.1.1 Mass Airflow Sensor Description
A microprocessor based inline mass airflow sensor was designed. The MAF
sensor was built as an inline pipe section, which contains two flow conditioners, an
insertion sensor probe, a wire mesh at the main air entrance and interfacing electronics
of the sensor as shown in Figures 4.1 and 4.2. The insertion sensor probe has two
legs which holds the heated and ambient thermistors. The electronics for the MAF
sensor consist of a microprocessor unit and interfacing circuits, which are connected
to the temperature sensors (thermistors) in the insertion probe. The microprocessor
unit controls all the operations of the sensor. The intake air is converted to laminar
flow using the flow straighteners when the air reaches the immersion probe of the
sensor.
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Figure 4.1: MAF Sensor Arrangement
4.1.2 Holder Description
The inline holder section and the insertion probe were precisely designed for
proper functioning of the sensor. The inner diameter of the holder pipe section is 2
inches and its length is 8 inches. Precise flow measurement requires laminar flow in the
pipe section. This in turn is a function of the diameter of the pipe, entrance length
along the pipe and Reynolds number of air flowing in the pipe section. Entrance
length is the length of the holder pipe beyond which velocity profile is fully developed
along the pipe. It is the distance measured from the entrance of pipe to the sensor
insertion probe for the MAF sensor designed in this thesis. The relationship between
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diameter (D), entrance length (Le) and the Reynolds number (Re ) for laminar flow
is given below,
Le = 0.06ReD (4.1)
The entrance length, sensor holder length and flow conditioners for the pipe
were selected to maintain laminar flow at the location of the insertion probe.
Figure 4.2: Transverse Section of MAF Sensor Holder
4.1.3 Sensor Insertion Probe
The sensor insertion probe consists of a probe that holds two thermistor
sensors as illustrated in Figure 4.1 (b). The sensor insertion probe is positioned in
the air passage and it is direction sensitive. The lengths of two legs of the insertion
probe were selected such that heated thermistor sensors lie at the center of the pipe.
This provides higher sensitivity for the sensor due to higher flows at the center of the
pipe. The first leg of the probe consists of ambient thermistor temperature sensor and
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the second leg consists of heated thermistor sensor. Constant temperature difference
is maintained between the heated and the ambient thermistor. The mass airflow rate
measured by the sensor was found to be proportional to the amount of power required
to maintain the heated thermistor at constant temperature difference with reference
to the ambient thermistor.
4.1.4 MAF Sensor Board
The MAF sensor board is shown in Figure 4.1 (b). It consists of electron-
ics for interfacing thermistor sensors and controls the operation of the sensor. The
board employs a microprocessor, which is connected to thermistor sensors through
interfacing circuit. A PI digital controller was implemented to maintain the constant
temperature difference between heated and ambient thermistor. The microcontroller
outputs an analog signal that is proportional to the mass flow rate through the pipe.
The block diagram of MAF sensor and the flow chart of its operation are shown in
Figure 4.3 and Figure 4.4 respectively.
Figure 4.3: Block Diagram of MAF Sensor
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Figure 4.4: Flowchart of MAF Operation
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4.1.5 Thermistor Tolerance, Temperature Range and Selection
There are different factors that affect selection of thermistors for an applica-
tion. The different factors that need to be considered during selection of thermistors
are resistance tolerance, nominal value of resistance at 25◦C, power dissipation fac-
tor, temperature coefficient of resistivity and Beta parameter (β ). Thermistors are
characterized by tolerance of resistance at a specific value of temperature (mostly
25◦C : R25 ). This tolerance depends upon the type of material being used and it
is very small for high accuracy thermistors. The nominal resistance of thermistors
is not constant, but varies slightly due to variations in thermistor material structure
and dimensions during manufacturing and its tolerance is specified in percentage as
∆R25/R25. Beta parameter (β) is slightly dependent on temperature and its tolerance
is specified in percentage as,
Tolerance due to β parameter = | 1
T1
− 1
T2
|∆β (4.2)
where 4β is the variation in value of Beta parameter at two temperatures T1 and T2.
Power dissipation factor of a thermistor is the ratio of power dissipated (V I)
and temperature change (∆T ). Temperature coefficient of resistivity (α) for ther-
mistor is the percentage variation in resistance with variations in temperature and is
related to beta parameter as shown in equations below,
α =
1
R
× dR
dT
(4.3)
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α = − β
T 2
(4.4)
The contributions for tolerance in thermistor resistance due to tolerance in
resistance value at 25◦C and tolerance in β parameter can be combined into overall
tolerance as,
∆R
R
=
∆R25
R25
+
1
R
× dR
dT
(4.5)
Tolerances of thermistor are shown graphically in Figure 4.5. The selection
of the thermistors was done considering all the above mentioned parameters. It was
desirable to have thermistors with a high temperature coefficient of resistance, supe-
rior mechanical strength, high resistance to corrosion and low thermal conductivity
for higher accuracy of the sensor. The sensor was designed for a working temper-
ature range between -40◦F to 140◦F. Different thermistors available in the market
were analyzed and two thermistors were selected to operate for different ranges of
temperature. One of the thermistor was used for the temperature range between
47◦F to 140◦F and is designated as hot thermistor (Vishay, NTCS0805E3222FMT).
Similarly, the second thermistor was used for the temperature range between -40◦F to
46◦F and is designated as cold thermistor (Murata, NCP21XM221J03RA). Switching
between the thermistors was made based on ambient temperature and only one of
the thermistor remains active at a time. Also, a hysteresis of 5◦F was maintained
during the switching of thermistors.
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Figure 4.5: Tolerance of Thermistors [8]
4.1.6 Experimental Setup for Sensor Calibration
The MAF sensor should be calibrated using a reference mass airflow meter
throughout its entire range of operation. Bosch HFM Type 5 mass airflow meter was
used as a reference meter for the sensor calibration. Figure 4.6 shows the experimen-
tal arrangement for the calibration of the sensor. The Beckett CG4 blower motor
was used to generate airflow during the experiment, which provided maximum mass
airflow rate of 90 kg/hr. Blower motor was connected to Bosch HFM Type 5 mass
airflow meter through the air boot. The MAF sensor to be calibrated was connected
upstream of reference commercial Bosch sensor.
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Figure 4.6: Experimental Setup for MAF Calibration
The output of reference commercial Bosch sensor was read using a multi-
meter. The MAF sensor provided electrical power and ambient temperature as out-
puts, which were transferred to a personal computer (PC) using a serial RS232 in-
terface. An application developed in C sharp was used in PC to capture the outputs
from the MAF sensor. Since the sensor outputs were dependent on ambient temper-
ature, a temperature chamber was employed to test the sensor at various ambient
temperatures.
4.1.6.1 Steps for sensor calibration
The different steps for the calibration of MAF sensor are as follows,
1. The temperature of temperature chamber was set to a specific value within the
test temperature range of -40◦F to 140◦F.
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2. The air damper in air boot was set to a specific mass airflow rate within the
flow rate measurement range of 15 kg/hr and 90 kg/hr. Reference commercial
Bosch sensor was taken as a reference to set the mass flow rate.
3. The mass airflow rate output from the reference commercial Bosch sensor was
read.
4. The ambient temperature and power at heated thermistor outputs from the
MAF sensor were read using the PC application.
5. Steps 1 - 4 were repeated for different values of temperature, air damper posi-
tions and different sensors.
6. Different correction equations for power variation with temperature and with
different sensors were computed. A calibration relation was established based
on corrected power and flow rate obtained from the reference commercial Bosch
sensor. Details on this are presented in following chapters.
4.1.7 Reference Commercial Bosch Sensor
The MAF sensor described in this thesis was calibrated against Type 5 Bosch
hot film (HFM) mass airflow meter. The HFM Type 5 (Part number: 0 280 217 123)
mass airflow meter, shown in Figure 4.7, is a widely used inline mass airflow sensor
for motor vehicles that outputs a voltage signal proportional to the mass airflow. The
reference sensor was available in different pipe diameters and variable pipe section
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length. Part (Part number: 0 280 217 123) that was appropriate for the test was
chosen.
Figure 4.8 shows the calibration curve for reference commercial Bosch sensor
output voltage plotted using the data provided in the datasheet. The measurement
range of reference commercial Bosch sensor is 8 kg/hr to 370 kg/hr with accuracy
within 3% of the actual value.
Figure 4.7: Bosch HFM Type 5 Mass Airflow Sensor (Source: Bosch Datasheet)
Figure 4.8: Mass Airflow Rate vs. Output Voltage for Bosch HFM Type 5
60
4.2 Experimental Arrangement for Flame Temperature Sensor
A test combustion chamber was setup for performing experiments to analyze
different properties of the flame temperature sensor using HSI sensor. There were
different aspects of the HSI sensor, which needed to be tested for flame temperature
measurements. The sensor was tested to study the variation of resistance with varia-
tions in the equivalence ratio. The sensor was also tested by positioning at different
locations in the combustion chamber to find out the appropriate location of a sensor
that gives optimum results. Additionally, different types of sensors with different
dimensions from Kyocera and CoorsTek were tested to find out the appropriate di-
mensions of the sensor. All of the tests were performed to minimize the error and
accuracy of the HSI sensors. The results obtained were also verified by employing
multiple samples of different types of HSI sensor.
4.2.1 Test Combustion Chamber Setup
Figure 4.9 shows the test combustion chamber setup used for the experiment.
Bosch Greenstar Wall Hung boiler model ZBR21-3 was used as the test combustion
chamber. The boiler was customized for the measurement of airflow intake and fuel
flow intake to the combustion chamber. Tap water without any recirculation was
used for the boiler. There were three different types of HSI sensors used to test the
feasibility of dual purpose igniter/ temperature sensor. Beckett 7590 control board
was employed to control the operation of fuel flow valves and blower motor. An
electronic control board was also designed to control the fuel/ airflow rate intake into
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the boiler system and to control the operation of the igniter sensor as dual purpose.
The electronic control board also employed a resistance measurement circuit for the
HSI sensor.
Figure 4.9: Experimental Setup for Flame Temperature Sensor
4.2.2 Bosch Greenstar Wall Hung Boiler
The Bosch Greenstar general purpose Wall Hung boiler ZBR21-3A was used
as the test combustion chamber. Natural gas was used as fuel for the experiments.
The maximum BTU/hr was specified as 79,200 at 82/26◦C with natural gas as fuel
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for the boiler. The system was always operated below the rated BTU. The boiler was
customized just to use combustion chamber and all other associated electronics of
the boiler were disconnected during the test. Similarly, the fuel intake and air intake
system of the boiler were modified as shown in Figure 4.10.
Figure 4.10: (a) Modified Air Intake and (b) Fuel Intake System of the Bosch Wall
Hung Boiler
Boiler used a PWM controlled motor from ebmpapst (RG130/0800-3612-
020306), which was controlled by the electronic control board discussed below. Air
intake arrangement of the boiler was also modified such that the air intake system
could be measured by the Bosch HFM 5 mass airflow sensor. Similarly, the fuel
flow control of the system was replaced by Honeywell VK8105M5039 gas control,
which has a built-in servo pressure regulator and modulator. VK8105M5039 is a gas
controller with combined gas valve and ignition system. Beckett GeniSys 7590 was
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used for ignition control of the combustion system. The Honeywell VK8105M5039 is
also provided with 15V electric modulating pressure regulator V7335A ”5000” series.
The electronic control board discussed below controlled the operation of the pressure
regulator. The fuel flow rate was measured using EKM PGM.75 flow meter. The
meter gives the reed switch pulse output: 1mp for 1 ft3 of fuel flow, which was
converted to mass fuel flow rate.
4.2.3 Beckett 7590 Gas Burner Control
The Beckett GeniSys 7590 gas power burner control was designed to be used
in residential and light commercial heating burner systems. The Bosch Greenstar
boiler control electronics was replaced by this Beckett 7590 burner control to control
fuel flow valve, motor control circuit and control ignition during the experiments. All
the AC power to the regulator, motor and HSI sensor were controlled through this
burner control.
4.2.4 Test HSI Sensors
Silicon Nitride HSI sensors were used as test dual purpose igniter/ flame
temperature sensor. Figure 4.11 shows different sensors used during the experiment.
Figure 4.11 (a) and Figure 4.11 (b) shows two HSI sensors from Kyocera. The Ky-
ocera sensor shown in Figure 4.11 (a) (Model No. QN-SB150-FB9178-A: Kyocera
(a)) has short sensor stem and sensor length compared to the one shown in Figure
4.11 (b) (Model No. QN-SB150-FB9263-A: Kyocera (b)). The body of sensor element
of Kyocera (a) sensor element did not reach the flame completely in the chamber,
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therefore Kyocera sensor (b) was custom designed with a longer stem and sensor
length such that the whole body of sensor element lies within the flame. The max-
imum temperature range of the sensor is 1200◦C. Figure 4.11 (c) shows a CoorsTek
sensor (Model No.: Custom version of Model 601T), which has hairpin like sensor
element. These different types of sensors were used in the experiments to find out
the sensor which suits best for the temperature measurement application described
in this thesis. These SN igniters have rapid heat increase, higher chemical resistance,
high electrical efficiency and long life due to oxidation proof design. The resistance
ratio with respect to resistance at 23◦C (R/R23) vs. temperature variations for these
devices is linear in the working range of the combustion chamber up to 1200◦C. Figure
4.12 shows the resistance ratio vs. temperature curve for different HSI sensors.
Figure 4.11: Different SN Igniter Sensors (a) Kyocera (a) Sensor, (b) Kyocera (b)
Sensor and (c) CoorsTek Sensor
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Figure 4.12: Resistance Ratio vs. Temperature for Different SN Igniters
4.2.5 Electronic Control Board
An electronic control board was designed to control the airflow of blower mo-
tor, fuel flow through the regulator and the operation of Igniter/ flame temperature
sensor. One of the main functions of the control board was to switch between the
dual functions of the HSI sensor. Relay Omron G6S-2-Y was used to switch the func-
tionality between igniter and flame temperature sensor. The RC snubber circuit was
included in the terminals of the relay, which connects to 120V AC voltage to prevent
the arching noise that was noticed without the snubber circuit. A voltage divider
circuit was used to measure the resistance of HSI sensor. The relay terminals connect
the HSI sensor to voltage divider circuit except during the ignition. Another function
of the electronic board was to control the PWM input to the motor which controls
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the airflow intake. The PWM output from the microcontroller was connected to the
blower motor through an opto-coupler. The range of mass airflow rate maintained
during the test was between 3.7 g/s to 14.75 g/s. Similarly, the current to the fuel gas
regulator is also controlled using the PWM from the microcontroller that maintained
the fuel mass flow rates between 0.29 g/s to 0.53 g/s. The PI closed loop feedback
control was used to control the operation of the fuel flow regulator.
4.2.6 Combustion of Natural Gas
Natural gas is a mixture of hydrocarbon gases with methane as the primary
composition along with a varying amount of alkanes, carbon dioxide, nitrogen and hy-
drogen sulfide. The exact composition of different gases varies between the suppliers.
The natural gas is often used in combustion for household applications and electricity
generation. The composition of natural gas was considered as 95% methane and 5%
ethane during the experiment. The stoichiometric combustion of natural gas with air
can be expressed as,
0.95(CH4 + 2( O2 + 3.76 N2) −→ CO2 + 2H2O 7.52N2)
+
0.05(C2H6 + 3.5(O2 + 3.76N2) −→ 2CO2 + 3H2O + 13.16N2)
(4.6)
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4.3 Summary
Chapter 4 described the experimental setups for testing the mass airflow sen-
sor and flame temperature sensor. The structure of the MAF sensor and different
devices used in calibration of the sensor were also discussed. Also, the selection cri-
terion for the ambient and heated thermistors for the MAF sensor were presented.
The operation of the MAF sensor was also discussed along with the steps to cali-
brate the sensor. The chapter also discussed the combustion chamber used to test
the flame temperature sensor. Different meters and devices used to calibrated the
flame temperature sensor were also presented. The controlling of the HSI sensor as a
dual purpose sensor for ignition and flame temperature measurement using an elec-
tronic control board was also described. Finally, the combustion of natural gas was
presented.
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CHAPTER V
RESULTS AND DISCUSSIONS
5.1 Results of MAF Sensor
This section presents experimental results and calibration of the MAF sen-
sor. The performance of the sensor with multiple samples are also presented. The
results of dust test on the surface of the thermistors and disturbance test at the air
intake of the sensor are also discussed in the following subsections. Additionally, the
characteristics of the sensor are also discussed. The calibration of the MAF sensor
involved computing the relationship between output powers of the MAF sensor with
the actual mass flow rate measured using refrence commercial Bosch sensor. The
output of the MAF sensor was also found to be dependent on temperature. Also, the
effects on the output of the MAF sensor due to electrical tolerance in resistance value
of thermistors and mechanical non-uniformity of sensor holders were considered dur-
ing calibration of the MAF sensor. Therefore, calibration was done for different flow
rates considering both of these effects. The sensor was also tested for reproducibity
and repeatability of the data.
69
5.1.1 Power Output of MAF Sensor for Different Flow Rates
The performance of the MAF sensor at different flow rates was analyzed
by calculating the output power at different airflow rates. The power at the heated
thermistor was measured for different airflow rates and the corresponding mass airflow
rate output of the reference commercial Bosch sensor was also recorded. Figure 5.1
shows the plot of power output at the MAF sensor vs. mass airflow rate obtained from
reference commercial Bosch sensor. A non-linear relationship between the powers
dissipated at the heated thermistor of the MAF sensor vs. mass flow rate can be
observed, which is in accordance with Equation 3.11.
Figure 5.1: Power Output of MAF Sensor vs. Mass Airflow Rate
The output of the MAF sensor was found to be dependent on ambient tem-
peratures. The effect of temperature on the power output at the heated sensor was
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studied by calculating power output for different flow rates at different temperatures
for both hot and cold thermistor. Figures 5.2 and 5.3 show the temperature depen-
dence of power output of the MAF sensor versus the mass airflow rate obtained at
different temperatures for mass airflow rates between 15 kg/hr to 90 kg/hr. The hot
and cold thermistors were tested for temperature range between 47◦F to 140◦F and
-40◦F to 46◦F respectively. It was observed that the effect of temperature was higher
at higher flow rates for cold thermistor. However, its effect remained fairly constant
for hot thermistor throughout the range of different mass airflow rates. These re-
sults showed that the MAF sensor outputs for both hot and cold thermistors needed
temperature compensation. The temperature compensation was applied for both hot
and cold thermistors experimentally.
Figure 5.2: Power vs. Mass Airflow Rate for MAF Sensor (Cold Thermistor)
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Figure 5.3: Power vs. Mass Airflow Rate for MAF Sensor (Hot Thermistor)
5.1.2 Temperature Compensation of MAF Sensor Output
Figure 5.4 shows the power outputs of MAF sensor plotted against tempera-
ture difference weighted with power at different temperatures for the mass flow rate of
50 kg/hr for the cold thermistor. Temperature difference is computed with respect to
reference temperature of -1◦F. At a specific flow rate, power output decreased sharply
from -40◦F to -10◦F and stayed fairly constant up to 20◦F and further again it started
to increase gradually up to 40◦F. Similarly, Figure 5.5 shows the power outputs plot-
ted against temperature difference weighed with power at the different temperatures
for the mass flow rate of 30 kg/hr for the hot thermistor. Temperature difference was
computed with respect to reference temperature of 91◦F for hot thermistor. Similar
to the case of cold thermistor, the power output at a specific flow rate remains fairly
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constant from 40◦F to 60◦F then it increased gradually from 60◦F to 80◦F and again
increased sharply between 80◦F to 140◦F. Any mass airflow rate other than 50 kg/hr
and 30 kg/hr could be used during temperature compensation for the cold and hot
thermistors respectively. Similarly, any reference temperature apart from -1◦F and
91◦F could be selected for cold and hot thermistor respectively. The temperature
difference was weighted with power during temperature compensation, as the effect
of temperature on power increased with increase in power.
The relationship for the temperature compensation of power for both hot and
cold thermistors in the MAF sensor were obtained experimentally using polynomial
curve fitting technique as shown in Figures 5.4 and 5.5, respectively. The relationship
for cold and hot thermistors are represented by equations below,
Pcomp cold = Pcold − (−0.0000726802153((T + 1)Pcold)3+
0.0000247339242((T + 1)Pcold)
2 + 0.0000726802153((T + 1)Pcold))
(5.1)
where Pcomp cold = Temperature compensated power at temperature T and Pcold =
Power, for cold thermistor.
Pcomp hot = Phot − (−0.0000003471862((T − 91)Phot)3+
0.000011647589167((T − 91)Phot)2 + 0.000455987058865((T − 91)Phot))
(5.2)
where Pcomp hot = Temperature compensated power at temperature T and Phot =
Power, for hot thermistor.
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The temperature compensated results for cold and hot thermistors are shown
in Figures 5.6 and 5.7 respectively. One to one relationship was obtained between
power output and mass airflow rate after the application of temperature compensation
for the MAF sensor.
Figure 5.4: Temperature Correction Curve for Power (Cold Thermistor)
Figure 5.5: Temperature Correction Curve for Power (Hot Thermistor)
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Figure 5.6: Compensated Power vs. Mass Airflow Rate for Cold Thermistor
Figure 5.7: Compensated Power vs. Mass Airflow Rate for Hot Thermistor
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5.1.3 MAF Sensor Testing with Multiple Samples
Multiple samples of the MAF sensor were tested to study and analyze any
differences in the output of the sensor with the use of different thermistors and sensor
holders in different samples. Thermistors used in the MAF sensor has tolerance in
their resistance value. Also, there are mechanical non-uniformity in the sensor hold-
ers, which were printed using a 3D printer. Multiple samples of sensors were tested for
power output variation with mass airflow rate at various temperatures as described in
Section 5.1.2. Five different sensors were tested and the results of temperature com-
pensated power for different mass airflow rates for different sensors were analyzed.
Figure 5.8 shows the temperature compensated power for the MAF sensor vs. mass
airflow rate for cold thermistors tested within the temperature range between -40◦F
to 46◦F. The temperature compensated curves for different cold thermistors in differ-
ent sensors were found to be different as shown in Figure 5.8. Similar variations in
the compensated power vs. mass airflow rates for hot thermistors in different sensors
were also noticed. The test results for hot thermistors in different sensors over the
range of temperatures between 47◦F to 140◦F as shown in Figure 5.9.
The hot and cold thermistors used in different sensors have tolerance in their
resistance value. The thermistor used as hot and cold thermistors have tolerance of
1% and 5% respectively. Higher the tolerance of the thermistors, the higher is the
accuracy in outputs of the MAF sensor. Additionally, since the size of thermistors
was very small, the amount of solder also affected heat transfer. These factors along
with mechanical non-uniformity in sensor holders contributed in difference between
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Figure 5.8: Compensated Power vs. Mass Airflow Rate for Cold Thermistors in
Different Sensors
Figure 5.9: Compensated Power vs. Mass Airflow Rate for Hot Thermistors in
Different Sensors
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the compensated power outputs of multiple samples of the MAF sensors for different
mass airflow rates. The effect of all of these factors were studied experimentally as
the theoritical analysis of all of these different factors were not possible.
The variation in power outputs on both cold and hot thermistor for different
sensors was compensated using power output at zero flow rate, which was termed as
zero flow power. The zero flow power for both thermistor was found to vary with
temperature. However, the zero flow power at any specific temperature could be
used for correction of effects of multiple samples of MAF sensors. Zero flow powers
were calculated separately for both cold and hot thermistors. The zero flow powers
for cold and hot thermistors were taken at 8.5◦F and 84◦F respectively during the
experiments. Figures 5.10 and 5.11 show plots of the temperature compensated power
output vs. power weighed differences in zero flow power for the MAF sensor.
Zero flow power difference was taken with respect to a reference sensor (Sen-
sor 2) at mass airflow rate of 30 kg/hr for both cold and hot thermistor respectively.
The zero flow power difference is weighed with compensated power as the variation
of compensated powers between different sensors increased with the increase in com-
pensated power as shown in Figures 5.8 and 5.9. Any mass airflow rate could be
chosen to find the relationship for zero flow correction. A relationship was obtained
to adjust temperature compensated powers based on zero flow power of the MAF
sensors using polynomial curve fitting as shown in Figures 5.10 and 5.11. The tem-
perature compensated powers adjusted for zero flow power was termed as corrected
power. The expressions for the corrected power for both cold and hot thermistors are
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Figure 5.10: Zero Flow Power Adjustment Curve for Cold Thermistors in Different
Sensors
Figure 5.11: Zero Flow Power Adjustment Curve for Hot Thermistors in Different
Sensors
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as follows,
Pcorr cold = Pcomp cold − (6.4874(Pzfp cold − 0.1321)Pcomp cold) (5.3)
where Pcorr cold = Corrected power; Pzfp cold = Zero flow power, for cold thermistor.
Pcorr hot = Pcomp hot − (1095.3((Pzfp hot − 0.1506)Pcomp hot)2
+4.0378(Pzfp hot − 0.1506)Pcomp hot)
(5.4)
where Pcorr hot = Corrected power; Pzfp hot = Zero flow power, for hot thermistor.
The application of zero flow power correction for temperature compensated
results for both cold and hot thermistors in the MAF sensor are shown in Figures
5.12 and 5.13 respectively. These plots show that the zero flow power can be used to
compensate for thermistor resistance tolerance, mechanical non-uniformity of holders
and differences in the thermistor’s effective area involved in heat transfer due to
variation in amount of solder applied to thermistors. These curves serve as the
calibration curves for the MAF sensor. The expressions for the mass airflow rate
and the corrected power are obtained using polynomial curve fitting in Figures 5.10
and 5.11 for both cold and hot thermistors and are given by,
m˙cold = 3403.8P
2
corr cold − 948.32Pcorr cold + 52.56 (5.5)
m˙hot = −25440P 3corr hot + 26796P 2corr hot − 8792.2Pcorr hold + 935.62 (5.6)
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Figure 5.12: Calibration Curve for Cold Thermistor in MAF Sensor
Figure 5.13: Calibration Curve for Hot Thermistor in MAF Sensor
81
Therefore, the knowledge of output power, ambient temperature and zero
flow power enables calculation of the mass airflow rate flowing through the MAF
sensor pipe section.
5.1.4 Dust Test on Thermistors in MAF Sensor
Drywall dust test was performed on the MAF sensor to analyze the effect of
dust in the operation of the MAF sensor. Drywall dust was stacked to the surface
of ambient and heated thermistors and the effects on the output of the MAF sensor
were analyzed. Dust on the surface of the thermistors affected heat transfer, which
changed the power output of the MAF sensor. Different scenarios of the drywall dust
test are shown in Figure 5.14 for both cold and hot thermistors in the MAF sensor.
Scenario (a) had a thin layer of drywall dust on the surface of ambient thermistors.
Similarly, scenario (b) had thick drywall dust on the surface of both ambient and
heated thermistors. Finally, scenario (c) had a thin layer of drywall dust only on the
surface of the heated thermistors.
Figures 5.15 and 5.16 show the effect on the output of the MAF sensor for
cold and hot thermistor respectively. The term actualflow for different scenarios in
the figures represents the mass airflow rate calculated using reference commercial
Bosch sensor. And, the term calculated flowrate in the figures represent the mass
airflow rate calculated using the MAF sensor. Figure 5.15 shows that the effect of
a thin layer of dust deposition on the cold ambient thermistor (-40◦F to 46◦F) did
not have any significant effect on the output of the MAF sensor. Similar was the
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Figure 5.14: Setup for Drywall Dust Test on MAF Sensor
case for a thin layer of dust deposited on the heated sensor. The maximum errors
on the mass airflow rate measurement due to the thin layer of dust deposited on the
ambient and heated thermistors were calculated as 2% and 5% respectively for cold
thermistor. However, very high errors were noticed when a thick layer of dust is
deposited on both ambient and heated thermistors. The maximum error calculated
in this case was 23% for cold thermistor. Similarly, Figure 5.16 shows the result of
the drywall dust test for the hot thermistor. The maximum error in the output for
a thin layer of dust in the ambient thermistor was obtained as 6%. Similarly, the
maximum error in case of thin layer of dust deposited on the heated thermistor was
obtained as 8%. Finally the maximum error in case of thick layer of dust on both
ambient and heated hot thermistor was found to be 32%. Maximum errors for both
hot and cold thermistors for all the scenarios are summarized in Table 5.1. Cleaning
the dust has restored the readings of the MAF sensor to the initially calibrated one.
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Therefore, regular cleaning of the thermistors is needed for higher accuracy of the
MAF sensor.
Figure 5.15: Dust Test Errors in Calculated Mass Airflow Rate for Cold Thermistor
Figure 5.16: Dust Test Errors in Calculated Mass Airflow Rate for Hot Thermistor
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Table 5.1: Errors in Drywall Dust Test on MAF Sensor
Thermistor Scenario
Maximum Full Scale
Error
Hot Thin layer of dust on Ambient thermistor 6%
Hot Thin layer of dust on Heated thermistor 8%
Hot Thick layer of dust deposited on both
heated and ambient thermistor
32%
Cold Thin layer of dust on Ambient thermistor 2%
Cold Thin layer of dust on Heated thermistor 5%
Cold Thick layer of dust deposited on both
heated and ambient thermistor
23%
5.1.5 Disturbance Test in MAF Sensor
There is a chance of obstruction of airflow in the air intake pipes of combustion
chambers. These obstructions could be created if an object gets stuck in the air intake
pipe of the MAF sensor. These obstructions results disturbance in the airflow along
the airflow path of the MAF sensor. The disturbance test was carried out to analyze
the effect of these obstructions in the airflow on the output of the MAF sensor.
Figure 5.17: Disturbance Test Setup for MAF Sensor
85
Three different cases of disturbance test were considered during the test and
are shown in Figure 5.17. These three different scenarios were considered for both
hot and cold thermistor and the effect was analyzed at different temperatures. The
comparison of the outputs of the MAF sensor for the disturbance test are shown in
Figures 5.18 and 5.19. The terms actualflow and calculated flowrate in the figures
represent airflow calculated using reference commercial Bosch sensor and the MAF
sensor respectively. Both hot and cold thermistors were affected by disturbances.
There was no specific direction for error and the errors were dependent on different
scenarios. For scenarios (a) and (c), the output mass airflow rate read by the MAF
sensor was lower than the actual value. However, the output MAF rate obtained for
scenario (b) was higher than the actual value. The maximum error noticed during
the disturbance testing was 7% for cold sensor and 17% for hot thermistor.
Figure 5.18: Disturbance Test Errors in Calculated Mass Airflow Rate for Cold
Thermistor
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Figure 5.19: Disturbance Test Errors in Calculated Mass Airflow Rate for Hot
Thermistor
5.1.6 Characteristics of Mass Airflow Sensor
5.1.6.1 Range
The theoritical range of mass airflow rates for the MAF sensor was calculated
as 0 kg/hr to 160 kg/hr for cold thermistor and 0 kg/hr to 250 kg/hr for hot thermis-
tor. The MAF sensor output has been verified for a range of mass airflow between
15 kg/hr to 90 kg/hr for cold thermistor and between 15 kg/hr to 80 kg/hr for hot
thermistor.
5.1.6.2 Temperature Range
The MAF sensor was designed and verified over the temperature range be-
tween -40◦F to 140◦F. The hot and cold thermistors were designed to operate in
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the temperature range between 47◦F to 140◦F and -40◦F to 46◦F respectively. The
hysterisis of 5◦F was maintained during the switching of hot and cold thermistors.
5.1.6.3 Resolution
Resolution of the MAF sensor is the smallest change in mass airflow rate that
could be detected by the sensor. The resolution of the MAF sensor was dependent
upon the resolutions of current and voltage calculations during power calculations for
the heated thermistor. Additionally, this was dependent upon the resolution of mi-
crocontroller ADC used for the MAF sensor design, which had a resolution of 10 bits.
Furthermore, the resolution of the MAF sensor was also dependent on the closed loop
PI controller that maintains the temperature difference between the heated and ambi-
ent thermistors. Therefore, the MAF sensor resolution was calculated experimentally.
It was found that the resolution of the MAF sensor is temperature dependent and
the flow rate change, since the MAF sensor was non-linear. Resolutions for both
regions of the MAF sensor operation were experimentally obtained and are tabulated
in Table 5.2.
Table 5.2: Resolution of MAF Sensor
Temperature
Range
Resolution in terms
of power (W)
Resolution in terms
of flow rate (kg/hr)
-40◦F to 46◦F 0.0004 0.42
47◦F to 140◦F 0.0004 0.2
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5.1.6.4 Sensitivity
Sensitivity of the MAF sensor is defined as the change in power output of
the sensor with respect to changes in mass airflow rate. The calibration curve for
both hot and cold thermistors was non-linear. Therefore, the sensitivity varied along
the working range of the MAF sensor. However, the degree of non-linearity was very
low. The average sensitivity of the MAF sensor is tabulated in Table 5.3 for different
temperature range.
Table 5.3: Sensitivity of MAF Sensor
Temperature Range Sensitivity (mW/(kg/hr))
-40◦F to 46◦F 1.0625
47◦F to 140◦F 1.7073
5.1.6.5 Accuracy and Precision
Multiple samples of sensors were tested in different environmental conditions
for number of times and the results were found consistent with some degrees of error.
The maximum error based on full scale was calculated within different ranges of
temperature for the MAF sensor and the results are tabulated in Table 5.4.
Table 5.4: Maximum Errors for MAF sensor
Temperature Range Full Scale Error
-40◦F to 46◦F 4%
47◦F to 140◦F 5.5%
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5.1.6.6 Response Time
The MAF sensor response was found to be non-linear based on the experimen-
tal response time data obtained from the MAF sensor for different flow rate changes.
The system was found to be overdamped, therefore response time was calculated on
the basis of time required for the response to reach 10% to 90% of the change in
mass airflow rate. The average sensor response time was calculated experimentally
for different temperature ranges of operation of the MAF sensor and the results are
tabulated in Table 5.5.
Table 5.5: Response Time of MAF Sensor
Temperature Range Rise time (seconds)
-40◦F to 46◦F 20
47◦F to 140◦F 16
5.1.6.7 Linearity
The calibration curves for both cold and hot thermistors were non-linear and
of degree 2 and 3 respectively. The non-linearity of the MAF sensor was computed
by the best fit straight line method. The degree of non-linearity using this method is
calculated as the maximum deviation from the best fit line through calibration curve
for full scale output span. The percentage non-linearity for both cold and hot sensors
was calculated for the MAF sensor as 5%.
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5.2 Results of Flame Temperature Sensor
This section presents the calibration and results of flame temperature sensor.
The sensor positioning test and air intake restriction test are also discussed in fol-
lowing subsections. Furthermore, the characteristics of the flame temperature sensor
is also described. The calibration of flame temperature sensor involved finding out
the relationship between the temperature measured by the HSI sensor and the equiv-
alence ratio of the combustion system. The HSI sensor in temperature equilibrium
with the flame gives the temperature of the flame. The resistance of the HSI sensor is
related to the temperature of the sensor. The relationship between flame temperature
(T) and the resistance ratio (R/R23) of Kyocera and CoorsTek HSI sensors used in
this thesis are shown in following equations,
TKyocera = (R/R23 − 0.9386)/0.0027 (5.7)
TCoorsTek = (R/R23 − 0.9356)/0.0019 (5.8)
5.2.1 Flame Temperature and Equivalence Ratio
Flame temperature was measured using the HSI sensor for different values of
equivalence ratios. Figure 5.20 shows the relationship between the flame temperature
and equivalence ratio, which was obtained by keeping current to fuel gas pressure
regulator constant and varying the airflow rate. However, it was found that the fuel
flow rate did change for constant fuel regulator current with changes in airflow rates.
The flame temperature initially increased sharply for φ below 0.7. After φ reaches
close to 0.7, the flame temperature increased gradually up to φ close to a value of
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1. With further increase in equivalence ratio the flame temperature decreased. The
nature of these curves resembled the trend similar to adiabatic temperature vs. φ.
Similar plots were obtained for different values of fuel regulator currents as shown in
Figure 5.21. Theoritically, peaking of flame temperature should occur close to φ = 1
at the richer side; however, peaking of flame temperature was consistently obtained at
the leaner side of stiochiometry close to φ = 1. This was due to errors in calculations
of fuel flow rate using EKG flowmeter.
Figure 5.21 shows that the flame temperatures varied not only with the vari-
ations in equivalence ratio but also with the variations in mass airflow rates and fuel
flow rates for the same value of equivalence ratio. These results were found to be in
agreement with the study conducted by S. Prucker [7] for combustion of premixed H2/
air flames. For same value of φ, the flame temperature increased with the increase in
fuel and fuel flow rates. At a specific value of the equivalence ratio, the increase in
fuel regulator current means an increase in fuel flow rate, which resulted in increased
mass fuel flow rate. This eventually resulted increase in heat generation. As the
combustion was not adiabatic, therefore additional heat generation resulted increase
in flame temperature. The mass airflow rate variation at an equivalence ratio with an
increase in fuel flow currents was analyzed and the results are shown in Figure 5.22.
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Figure 5.20: Flame Temperature vs. Equivalence Ratio for a Constant Fuel
Regulator Current
Figure 5.21: Flame Temperature vs. Equivalence Ratio for Different Fuel Regulator
Currents
93
Figure 5.22: Variation of Mass Airflow Rate for Different Fuel Regulator Currents
5.2.2 Compensation for Flame Temperature Variation
The discussions in Section 5.2.1 reveals the necessity of correction of flame
temperature sensor measurements in order to correlate flame temperature with the
equivalence ratio. Figure 5.23 shows the zoomed version of Figure 5.21, which shows
the increase in flame temperatures at φ = 0.81 with the increase in mass airflow
rate. This relationship has been utilized to compensate for the increase in the flame
temperature with the increase in mass airflow rates. Any value of φ could be chosen
that represents an average variations in flame temperature over the operating range
of φ. Figure 5.24 gives the relationship for the correction of the flame temperature
with variations in the MAF rate for an equivalence ratio, which is represented by,
Tcorrected = Tflame − 14.07833(m˙− 7.4081) (5.9)
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Figure 5.23: Zoomed Version of Figure 5.21
Figure 5.24: Correction Curve for Flame Temperature Variation at an Equivalence
Ratio
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Figure 5.25 shows the mass airflow rate compensated flame temperatures for
different values of equivalence ratio. It can be observed that there is reduction in
the flame temperature variation at an equivalence ratio with different mass airflow
rate and fuel flow rate after the application of correction. Higher errors were noticed
for φ < 0.7 and very low errors were noticed for φ between 0.7 and 1. Equivalence
ratio(φ) between 0.7 and 1 is the working range for most of the combustion cham-
bers. Mathematical relationships can be derived for corrected flame temperature and
equivalence ratio for two different regions of the stoichiometry using plot in Figure
5.25.
Figure 5.25: Corrected Flame Temperature vs. Equivalence Ratio
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5.2.3 Test of Multiple Samples of Sensor
This section describes the application of temperature corrections using mass
airflow rate to the flame temperature measurements for multiple samples of HSI sen-
sors. Figure 5.26 shows the corrected flame temperature readings from five different
sensors taken over range of φ between 0.58 and 1.33. Each of the curves shown for
individual sensors was constructed by the application of temperature correction on
the flame temperature data at different fuel regulator currents as described in Section
5.2.2. The corrected flame temperature for different sensors did not converge to a
single curve, rather they were found to be separated from each other by some offsets
between them.
Figure 5.26: Corrected Flame Temperature vs. Equivalence Ratio for Multiple
Sensors
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The tolerance of resistance ratio vs. temperature for different Kyocera sensors
was specified as ±10%. This results difference in flame temperature read by different
sensors for a value of equivalence ratio(φ). This was the reason for the differences
in corrected flame temperature curves vs. equivalence ratio for different sensors.
However, the temperature difference between the corrected temperature curves for
different sensors remained fairly constant for φ between 0.7 and 1. This can be
observed in Figure 5.27, which is zoomed version of Figure 5.26 for the region between
φ = 0.82 and 0.92. Also, Figure 5.26 shows the offset temperature difference of all
the sensors with the reference sensor (Sensor 5). This offset temperature difference
between the individual sensors was also observed in uncorrected flame temperature
curves, which are shown in Figure 5.28 for sensors 4 and 2 at different fuel regulator
currents. The flame temperature difference at an equivalence ratio for different values
of constant fuel regulator current was found to be fairly constant and this difference
was found to be same as the offset temperature difference noticed in the corrected
temperature curves for these sensors. This further supported that the temperature
difference read by two different sensors was due to tolerance in slope of resistance
ratio vs. temperature for different sensors.
Figure 5.29 shows compensated flame temperature vs. equivalence ratio cor-
rected for the tolerance of slope of resistance ratio vs. temperature for different
sensors. The corrected flame temperature, which was accounted for offset temper-
ature between sensors has been termed as Compensated flame temperature. The
maximum error of ± 10◦C was noticed in temperature fluctuations for compensated
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Figure 5.27: Zoomed Version of Figure 5.26
Figure 5.28: Constant Temperature Offset Between Sensors for Same Fuel
Regulator Currents
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flame temperatures of different sensors for a specific value of equivalence ratio. This
gives maximum error of ±0.05 in the value of φ. These observations showed that an
algorithm could be devised to calculate this offset temperature and re-calibrate any
sensor with the help of calibration relation obtained for the reference sensor.
Figure 5.29: Compensated Flame Temperature vs. Equivalence Ratio for Different
Sensors
Figure 5.30 shows the calibration curve for equivalence ratio calculation based
on compensated flame temperature for the leaner side of stoichiometry. The relation-
ship between compensated flame temperature (Tcomp) and the equivalence ratio was
obtained by using polynomial curve fitting in Figure 5.30 and is given by,
φ = −1−14T 5comp + 5−11T 4comp − 9−8T 3comp + 7−5T 2comp − 0.03Tcomp + 5.2724 (5.10)
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Figure 5.30: Calibration Curve for Flame Temperature Sensor
5.2.4 Calibration of Flame Temperature Sensor
The steps in Calibration of a reference Flame Temperature Sensor are as
follows,
1. Plot the flame temperature (Tf) vs. equivalence ratio (φ) curves by keeping
fuel regulator current constant and varying the airflow of the system. Obtain
multiple curves for different values of the fuel regulator currents.
2. Obtain the relationship for corrected flame temperature (Tc) by compensat-
ing flame temperature based on the mass airflow rate (m˙a ) of the system as
described in Section 5.2.3 (Tc = f1(Tf, m˙a)).
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3. Plot the corrected flame temperature vs. equivalence ratio for the flame tem-
perature sensor and obtain a calibration curve for the calculation of equivalence
ratio based on corrected flame temperature for the leaner side of stoichiometry
(φ = fref(Tc);φ < 1).
5.2.5 Algorithm for Sensor Calibration and Closed Loop Efficiency Control
The use of HSI sensor for the calculation of the equivalence ratio based on
flame temperature measurements was outlined in previous sections. Combustion sys-
tems are generally designed to run at the maximum possible combustion efficiency
along with the consideration that no harmful flue gases are produced. However, an
open loop control of a combustion system may not operate it at maximum efficiency
in the presence of disturbances. A closed loop combustion system is preferred when
an accurate and efficient control of the system is necessary. There are different sen-
sors such as O2 analyzer, lambda sensor and other flue gas analyzers available in the
market, which give feedback to control the efficiency of the combustion system.
Based on the results discussed in previous sections, the flame temperature
sensor using HSI sensor can also be used to estimate the equivalence ratio of a com-
bustion system. Therefore, a closed loop feedback control of a combustion system is
possible using the HSI sensor to run combustion system at maximum possible effi-
ciency. As discussed in previous sections, in addition to flame temperature readings
obtained from HSI sensor, mass airflow rate readings were also required to estimate
the value of equivalence ratio of the combustion system. Additionally, the HSI sensor
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needs to be automatically calibrated to compensate for the tolerance of resistance
ratio vs. temperature with reference to a calibrated reference sensor. Therefore, an
algorithm was desired that automatically calibrates the HSI sensor based on the cal-
ibration relation obtained for the reference HSI sensor. Once an individual sensor is
auto-calibrated, it could be utilized for the estimation of the equivalence ratio of the
system.
Figure 5.27 shows that different sensors need to be compensated for offset
temperature differences with respect to the reference sensor. The temperature dif-
ference between the corrected flame temperature vs. equivalence ratio remains fairly
constant for different values of equivalence ratio, therefore an algorithm was devised
to calculate the maximum flame temperature point by varying mass airflow rate for
a constant fuel flow rate. The corrected maximum flame temperature can be used to
calculate the offset temperature difference between a given sensor and the reference
sensor. Once this temperature difference is obtained, the sensor is auto-calibrated
and then it could be used for closed loop efficiency control of the system.
5.2.5.1 Assumptions for Algorithm Development
• The resistance of the HSI sensor at 23◦C (R23) is known.
• The relationship between resistance ratio (R/R23 ) and the temperature of the
sensor is known.
• The mass airflow rate (m˙a) of the combustion system is available.
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• The relation for corrected temperature (Tc) based on the flame temperature read
by the sensor (Tf) and mass airflow rate (m˙a) of the system (Tc = f1(Tf, m˙a)) is
available.
• The relationship between the equivalence ratio (φ) and corrected temperature
(φ = fref(Tc ref)) is available for a calibrated reference sensor.
• The maximum compensated flame temperature (Tcmax ref) reached for the ref-
erence sensor is known.
• Airflow or fuel flow control or both should be available for the combustion
system.
• The open loop relationship between airflow control and the mass airflow rate of
the combustion system is available.
5.2.5.2 Algorithm Development
1. Initially start the combustion system on the leaner side of stoichiometry at a
constant value of fuel regulator current. HSI sensor is used as ignitor at this
stage.
2. Wait until HSI sensor temperature stabilizes after the ignition (tstab). This
sensor stabilization time given should be greater or equal to the response time of
the sensor. Calculate corrected flame temperature (Tc sensor = f1(Tf sensor, m˙a))
for the sensor using flame temperature (Tf sensor) and mass airflow rate (m˙a).
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3. The initial estimate of equivalence ratio (φinit = fref(Tc sensor)) is calculated
using (Tc sensor,m˙a) and relationship between the corrected flame temperature
and equivalence ratio for reference sensor (φ = fref(Tc ref)). Estimate fuel flow
rate of the system (m˙f) with the knowledge of mass airflow rate and initial
estimate of equivalence ratio (m˙f = φinit(m˙fst/m˙ast)m˙a).
4. If fuel regulator current is constant, fuel flow rate could be assumed to remain
fairly constant. Therefore, calculate the approximate airflow rate necessary to
run the system at an equivalence ratio of 1 (m˙a est st = m˙f/(m˙fst/m˙ast)) . Set
the mass airflow rate of the system to m˙a est st using airflow control.
5. Increase the airflow rate by a fixed percentage (∆1) and monitor the flame
temperature. The flame temperature increases until an inflection point in the
equivalence ratio vs. flame temperature is reached. Note this band of airflow
rate where flame temperature changes its direction ((m˙a)1, (m˙a)2).
6. Refine the percentage change (∆2 < ∆1 ) in airflow rate within the airflow
band ((m˙a)1, (m˙a)2) to get a finer range of inflection point. Note the average
maximum flame temperature reached (Tfmax ) and airflow rate at maximum
temperature (m˙a max) reached.
7. Correct maximum temperature reached, with the mass airflow rate to get the
corrected maximum temperature (Tcmax sensor = f1(Tfmax sensor, m˙a max)). The
corrected maximum flame temperature (Tcmax sensor) is compared to the cor-
rected maximum flame temperature of the calibrated reference sensor (Tcmax ref).
105
Difference between maximum flame temperatures for sensor and reference sen-
sor (Tcmax ref − Tcmax sensor) gives the offset temperature difference for the test
sensor (∆Tc).
8. The auto-calibrated relationship for equivalence ratio and the corrected flame
temperature of the sensor is given by φ = fref(Tc ref + ∆Tc).
9. The sensor is calibrated after step 8. The system could be set to run at the
desired equivalence ratio by controlling the airflow as the current equivalence
ratio of the system is known with the calculation of flame temperature. There-
fore, the closed loop efficiency control of the combustion system could be made
using the HSI sensor. The process of re-calibration can be performed at regular
intervals for optimal efficiency control of the system.
All the practical combustion systems run at the leaner side of stoichiometry.
In order to validate that the system is running on the lean side after re-calibration,
the airflow rate should be increased by a small amount and the corresponding flame
temperature should be measured. The corrected flame temperature is then compared
with previous corrected flame temperature. If the newly obtained flame temperature
is less than the corrected flame temperature at which the system was running, the
system has reached the rich side of stoichiometry. A closed loop control system
employing the flame temperature sensor should be designed considering this factor
during the system design.
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Figure 5.31 shows the application of the algorithm to calculate the time
required to auto-calibrate the sensor, which was obtained as 5 minutes. The periodic
auto-calibration of the sensor can be implemented in the closed loop system design
in order to maintain the accuracy of the sensor.
Figure 5.31: Flame Temperature Sensor Auto-Calibration Time Calculation
5.2.6 Results on Different Types of HSI Sensors
Different types of HSI sensors - Kyocera (a), (b) and CoorsTek sensors were
tested for the validation of the algorithm. The sensors varied in shape, size and
structure of the sensor element and supporting ceramic element. Each of the sensors
was calibrated individually and multiple number of sensors of each type were tested.
The algorithm described in Section 5.2.5 was implemented during auto-calibration of
the sensors in each of the types and the algorithm is verified for all the sensors. The
results obtained from different types of sensors are shown in Figures 5.32 to 5.37.
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Figure 5.32: Calibration Curve for Kyocera (b) Sensor
Figure 5.33: Comparison of Calculated Equivalence Ratio with Actual for Kyocera
(b) Sensors
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Figure 5.34: Calibration Curve for Kyocera (a) Sensor
Figure 5.35: Comparison of Calculated Equivalence Ratio with Actual for Kyocera
(a) Sensors
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Figure 5.36: Calibration Curve for CoorsTek Sensor
Figure 5.37: Comparison of Calculated Equivalence Ratio with Actual for CoorsTek
Sensors
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The term calibration curve and suffix actual in the legends of Figures 5.32
to 5.37 refers to calibration curve of corresponding sensors and the equivalence ratio
calculated using flow meters respectively. For Kyocera (b), one of the sensors was
calibrated as described in Section 5.2.4 and the calibration curve obtained is shown
in Figure 5.32. Two other different sensors of the same type were auto-calibrated
by implementing the algorithm described in Section 5.2.5 and the expressions for
equivalence ratios were obtained. Figure 5.33 shows comparisons of equivalence ratio
calculated by the sensors using their own calibration curves, with the actual value of
the equivalence ratio. The error increased with the increase in the value of equivalence
ratio and the maximum error was found to be φ = ±0.045. Similar tests were carried
out for the Kyocera (a) and CoorsTek sensors. Figure 5.34 and Figure 5.35 are
the results for five different Kyocera (a) sensors. Similar to the results obtained for
Kyocera (b) sensor, the error increased with the increase in and the maximum error
found was found to be φ = ±0.040. Likewise, Figures 5.36 and5.37 show the results
for CoorsTek sensor. Three different sensors were tested for the algorithm verification
and the maximum error obtained for them was φ = ±0.057.
5.2.7 Sensor Positioning Test
Different locations in the combustion chamber had different flame profiles and
temperatures, this caused the HSI sensor to respond differently at different positions
in the chamber. The test combustion chamber used in the experiment had ports at
different locations. These different ports were used to test the sensor performance
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at different locations of the flame. The sensor was positioned at two different ports,
one at the central location in the chamber and the other at the edge of the chamber
but at the similar height. Figure 5.38 shows variations of the flame temperature with
the equivalence ratio for the same value of fuel regulator currents for the sensors at
different locations. It was observed that the flame temperature at the edge of the
chamber was higher than that at the central location.
Figure 5.38: Flame Temperature vs. Equivalence Ratio for Different Sensor
Positions
Figure 5.39 shows the mass airflow rate vs. equivalence ratio curves for both
case at similar values of fuel regulator currents. The mass airflow rates were found
similar for same value of equivalence ratio for both scenarios. This suggested that the
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variations in the flame temperature at different locations were due to the variations
in the flame temperature profile at different locations of the combustion chamber.
The flame temperature sensor was calibrated by positioning it at the central port.
Figure 5.40 shows errors in the value of calculated equivalence ratio and the actual
value with the sensor located at the edge of the chamber and calibrated at the central
position. The term Sensor Edge Actual represents the actual values of equivalence
ratio calculated using the flow meters. Higher errors were noticed at very low values
of φ. The maximum error obtained for the value of measured φ was ±0.14. This
shows that the sensor readings are position dependent and the sensor needs to be
recalibrated for the measurements at any other location other than the one for which
it was calibrated initially.
Figure 5.39: Mass Airflow Rate vs. Equivalence Ratio for Sensors at Different
Locations
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Figure 5.40: Errors in Equivalence Ratio with Sensor at Edge
5.2.8 Air Intake Restriction test
Air intake in combustion systems could get restricted due to dust or some
solid objects in the path of the air intake pipe. Air intake pipe restriction test was
conducted to analyze its effects on the flame temperature measurement using the
HSI sensor. This test also revealed the effect of restrictions on the calculated value of
equivalence ratio. Air intake pipe of the chamber was restricted by different percent
and the results of the flame temperature vs. equivalence ratio for different cases were
analyzed. Figure 5.41 shows the flame temperature vs. equivalence ratio for two
different values of the fuel regulator currents.
The flame temperature read by the sensor was found to increase with increase
in obstructions for the same value of regulator current. The higher the degree of
114
Figure 5.41: Flame Temperature Variation vs. Equivalence Ratio for Different
Restrictions at Fuel Regulator Current (a) 96.3 mA, (b) 106 mA
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obstruction, the higher was the increase in the flame temperature read by the sensor.
However, Figure 5.42 shows that mass airflow pattern has also changed with different
restrictions, although the fuel regulator currents remained same. The sensor was
calibrated with normal flow without any restrictions and the results obtained for flame
temperature with restrictions were corrected. The calculated value of the equivalence
ratio for different restrictions was compared with the actual value of the equivalence
ratio in Figure 5.43. The errors due to restrictions are high for lower values of φ
and very low for the higher values of φ. The errors increased with the amount of
restrictions. Additionally, it was observed that the values of φ obtained using the
calibrated curve were always lower than the actual value.
The maximum error in the value of measured φ was found to be φ = 0.046.
The temperature profile of a flame is a complex phenomenon and changes with airflow
patterns and mixing of the air and fuel. The restrictions in airflow path change
the airflow pattern and the mixing of fuel and air that causes changes in the flame
temperature profile. The drift in the flame temperature measurements was due to the
variations in flame temperature profile due to the variations in the mixing pattern
for fuel and air in the presence of restrictions.
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Figure 5.42: Mass Airflow Rate vs. Equivalence Ratio for Different Restrictions at
Fuel Regulator Current (a) 96.3 mA and (b) 106 mA
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Figure 5.43: Errors in Calculated Value of Equivalence Ratio for Different
Restrictions
5.2.9 Characteristics of Flame Temperature Sensor
The characteristics of the flame temperature sensor were analyzed considering
the maximum allowable temperature tolerance of the sensor being 1200◦C for both
Kyocera and CoorsTek sensor. The average nominal resistance of the Kyocera sensor
at 23◦C was taken as 50Ω and that for the CoorsTek sensor was taken as 45Ω. Also,
all the results were verified within the range of φ between 0.6 and 1. Similarly, test
range for the mass fuel flow rate was between 0.29 g/s to 0.53 g/s and the mass airflow
rate was varied between the range 3.7 g/s to 14.75 g/s.
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5.2.9.1 Range
Each type of sensors was calibrated and the results were verified using a
multiple samples of the same type of sensor over the range of equivalence ratio (φ)
between 0.6 and 1.
5.2.9.2 Resolution
Resolution of the flame temperature sensor is the smallest change in the value
of equivalence ratio that could be detected by the sensor. The resolution is related
to resolution in the measurement of resistance value. Voltage divider circuit with 5V
supply connecting 100Ω resistor and the HSI sensor was employed for the measuring
the resistance of the sensor. Considering the resolution of ADC as 12 bits and noise
from snubber circuit, the maximum error in resistance calculation was obtained as
0.2264 Ω for Kyocera (b) sensor. This resulted resolution of the sensor as φ=±0.0074.
Similarly, the error in resistance calculation was 0.1418 Ω for CoorsTek sensor, which
gave the resolution of the sensor as φ = ±0.0106. Finally, the resistance resolution
for the Kyocera (a) sensor was obtained as 0.2258Ω, which gave the resolution of the
sensor as φ = ±0.0065. Resolutions for different types of sensors are tabulated in
Table 5.6.
119
Table 5.6: Resolution of Different HSI Sensors
Sensor
Resolution in terms
of Resistance(Ω)
Resolution in terms
of φ
Kyocera (b) 0.23 ±0.00659
Kyocera (a) 0.23 ±0.00748
CoorsTek sensor 0.15 ±0.0106
5.2.9.3 Sensitivity
Sensitivity of the flame temperature sensor is defined as the ratio of change
in temperature reading of the sensor with respect to change in the equivalence ratio.
The calibration curve for the sensor was non-linear, therefore sensitivity varied along
the working range of the sensor. Higher sensitivity was achieved for lower values of
equivalence ratio and the sensitivity decreased as φ increases along the calibration
curve for each type of sensors. The sensor outputs were fairly linear over the range of
φ between 0.76 and 0.88 for each type of sensors. Therefore, the average sensitivity
was calculated over this linear range. The average sensitivity is tabulated for each
type of sensors in Table 5.7.
Table 5.7: Sensitivity of Different HSI Sensors
Sensor Sensitivity (◦C/ φ=1)
Kyocera (b) 615
Kyocera (a) 652
CoorsTek sensor 437
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5.2.9.4 Accuracy and Precision
All three types of sensors were calibrated and tested for accuracy and preci-
sion for different values of air and fuel flow rates. Experiments were performed repeat-
edly on all three types of sensors to measure the reproducibility of the results. The
maximum error noticed for Kyocera (a) and (b) sensors were ∆φ = ±0.04 and ±0.045
respectively. Similarly the maximum error for CoorsTek sensor was ∆φ = ±0.057.
Maximum errors calculated for different types of sensors are tabulated in Table 5.8.
Table 5.8: Errors in Different HSI Sensors
Sensor Error in φ(±∆φ)
Kyocera (b) ±0.045
Kyocera (a) ±0.04
CoorsTek sensor ±0.057
5.2.9.5 Response Time
The response time of the sensor was calculated based on rise time and settling
time. Average rise time was calculated as the time required for flame temperature
to reach from 10% to 90% of changes in temperature. Similarly, setting time was
calculated as time required for flame temperature to reach within 5% of the value of
final temperature. The time response of sensors were non-linear and the response was
faster as φ increases along the calibration curve from 0.6 to 1. Additionally, higher the
change in φ, higher was the response time of the sensor. The average response time
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for different sensors for changes in φ (∆φ = (±0.04)) were obtained experimentally
and are shown in Table 5.9.
Table 5.9: Response Time of Different HSI sensors
Sensor Rise time (seconds)
Settling time
(seconds)
Kyocera (b) 22 25
Kyocera (a) 33 35
CoorsTek sensor 25 28
5.2.9.6 Linearity
The relationship between outputs of the sensor (Corrected flame temperature)
with changes in equivalence ratio was found to be highly nonlinear. The calibration
curves for different types of sensors were computed using polynomial fitting and were
obtained as of degree 5. The percentage non-linearity was calculated on the basis of
the best fit straight line method, which is the maximum deviation from the best fit
line through calibration curve for full scale output span. The percentage non-linearity
for different sensors are tabulated in Table 5.10 as follows,
Table 5.10: Percentage Non-Linearity for Different HSI Sensors
Sensor Non-linearity (%)
Kyocera (b) 25
Kyocera (a) 25
CoorsTek sensor 30
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5.3 Summary
This chapter presented the results of experiments on MAF sensor and flame
temperature sensor. The calibration of MAF sensor to calculate mass airflow rates
using corrected power was discussed. The calculation of corrected power using tem-
perature compensation and zero flow power correction were also presented. The
effects of deposition of drywall dust on thermistors and the performance of the MAF
sensor in presence of disturbances in the air intake were also studied. The chapter
also discussed the calibration of the HSI sensor to use flame temperature measure-
ments for the calculation of equivalence ratio of the combustion system. Algorithm
development to auto-calibrate a flame temperature sensor using a reference sensor
was also described in the chapter. The effects of flame temperature sensor position-
ing in the combustion chamber and the restrictions in the air intake of combustion
system were also tested and the results were analyzed. Finally, the characteristics of
the sensors such as operating range, resolution, sensitivity, maximum error, response
time and linearity were also studied for both sensors.
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CHAPTER VI
CONCLUSION AND FUTURE WORKS
6.1 Conclusion
This thesis involved the study and development of a mass airflow sensor and
a flame temperature sensor. These sensors can be collectively used in closed loop
efficiency control of a combustion system. The MAF sensor was designed to measure
the intake airflow in the burner systems. On the other hand, the flame temperature
sensor was designed in order to use the existing hot surface igniter as a dual purpose
sensor. The measurement of the flame temperature using the HSI sensor provides an
estimate of the fuel-air equivalence ratio of the combustion system. Knowledge of the
equivalence ratio and the mass airflow rate of a combustion system enables accurate
control of the mass airflow rate and the fuel flow rate into the system. Therefore,
this provides combustion system the capability to control its efficiency.
The MAF sensor described in this thesis was designed for small combustion
system such as residential burners, where the range of airflow rate is fairly low. The
sensor is an inline sensor and was designed to be a part of the combustion air intake
system. One of the main criteria for the success of the study was to develop a very
cost effective mass airflow sensor, which was achieved at the price within $10. This is
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very cheap compared to other mass airflow sensors available in the market. Another
objective of the study was to develop sensor that could be easily integrated with
other combustion control systems.The output of the MAF sensor could be taken as
an analog signal/ PWM or serial output. These output formats are compatible with
a wide range of other combustion control devices. Additionally, the sensor can also
be used as a standalone sensor. The sensor was tested and the results were verified
for only one of the test setup. However, the sensor was found to be very sensitive to
variations in the airflow pattern in the path of the sensor. This was verified by the
disturbance test in the path of airflow.
The flame temperature sensor discussed in this thesis was designed to make
use of existing hot surface igniters for dual function with just the addition of few
circuit components. This results in a very low additional cost for the burner control
board. However, the cost saved for the fuel is very high compared to the very low
additional cost for the additional functionality of the control board. The flame tem-
perature sensor was calibrated to measure the equivalence ratio of the premixed air
combustion system, along with the knowledge of mass airflow intake of the combus-
tion system. Similar to the MAF sensor, the flame temperature sensor was also found
to be dependent upon the combustion chamber setup. The variations in airflow and
fuel flow patterns of the combustion chamber required recalibration of the sensor.
This was verified by air restriction test in the combustion chamber. Therefore, any
variations in fuel air mixing pattern affects the output of the sensor, which makes the
sensor output dependent upon a particular combustion chamber setup. The flame
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temperature sensor can be used as either as a standalone sensor or can be easily
integrated with other combustion control systems.
The results of the study can be summarized as follows,
• A very cost effective mass airflow sensor (within $10) was developed, which was
designed to measure mass airflow rates between 0 kg/hr and 120 kg/hr within
temperature range of -40◦F to 140◦F.
• A flame temperature sensor was developed which could measure the equivalence
ratio with the accuracy of ±0.05 for the range of the equivalence ratio (φ)
between 0.6 to 1.
• The flame temperature sensor and the mass airflow sensor can be collectively
used to control closed loop efficiency of the combustion system.
• The MAF sensor and the flame temperature sensor developed in this thesis
can used as either standalone devices or can be easily integrated with other
combustion control systems.
6.2 Future Work
There are some areas of improvement for the sensors. Some of the tests were
not completed because of time constraints in the research. Various enhancements
that could be done for the sensors can be summarized as follows,
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• Both sensors were tested only for one of the available setups. Further testing
can be done for different setups for both sensors in order to analyze any output
variations with setups, and make the system independent of setups.
• The MAF sensor was affected by the disturbances present in the air intake. The
direction of errors were random, therefore further study can be done on this to
find a method to make the system independent of disturbances.
• The MAF sensor can be tested by machine soldering and with sensor holders
printed in a commercial production environment to analyze any improvement
in the accuracy of the sensor.
• The response time of both sensors was very high, further study can be conducted
to improve response time of the sensors.
• The maximum number of different samples of flame temperature sensors tested
were only five. The algorithm for auto-calibration of flame temperature sensor
can be validated for much larger group of samples.
• The flame temperature sensor was tested only with mass airflow output from
reference commercial Bosch sensor. The newly developed MAF sensor can also
be used together with the flame temperature sensor to determine the accuracy
of the combined system.
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